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This volume presents an anslytical investigation of the vibrations induced in

an alternator rotor by the generated electromagnetic forces. Formulas are

given from which the magnetic forces can he calculated for three brushless
alternator types: 1) the homopolar generator, 2)
generator, and 3) the two-coil Lundell generator. Numerical examples axe
given to illustrate the practical use of the formulas.

the heteropoler inductor

Two computer programs have been written for evalustion of the effect of the
magnetic forces on the rotor. Manuals sre provided for both programs, con-
taining listings of the programs and giving detailed instructions for
preparation of input data and for performing the calculations. The first
ccmputer program examines the stability of the rotor and the second program
calculates the smplitude response of the rotor resulting from & built-in

eccentricity and misalignment between the axes of the rotor and the alternator
stator. Sample calculations are provided.

This document is subject to special export controls
and each transmittal to foreign governments or
foreign national may be made only with prior approvsl
of the Air Force Aero Propulsion Laboratory (APFL),
Wright-Patterson Air Force Base, Ohic 45433.
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SYMBOLS

Cross-sectional area of a shaft section, 1nch2

Area of a pole, inch2
Area of a north pole or a south pole, 1nch2
Area of a stator tooth in the Leteropolar gemerator, inchz
Inflgfnce matrices for rotor, eq. (H.62), Appendix H
- %Lp magnetic force gradient for 4 pole homopolar
generator, lbs.

Influence coefficients for shaft section n, eq. (H.46)
Combined damping of rotor bearings, lb-sec/inch
Average flux density, Lines/iﬁchz or Kilolines/inch2
Flux density at north poles or south poles, Lines/inch2
Damping coefficient3 of bearing, lbs-sec/inch

Radial airgap or clearance, inch

Youngs modulus, 1bs/1nch2

Effective or voltmeter value of lipe voltage, volts
Voltage of field coil, velts

Roter impedance matrix at k'th harmonic

Eccentricity between rotor center and atator center, inch

R
Vpctor = ﬁ%
x and y-ccg£onent of magnetic force due to north poles, 1bs.
% and y-component of magnetic force due to south poles, 1lbs.
x and y-component of total magnetic force !n centerplane
of alternator, lbs.
Magnetcamotive force
Magnetomotive force of armature reaction
Demagnetizing and crossmagnetizing component of armature
reaction
Magnetcmotive force of field coil
Drop ia magnetomotive force across the north or the south

poles
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Drop in magnetowotive forca across aitgap in heteropolar
generator
=1/2 5 E¢

-2 '3“,/& . eq. (E.2), Appendix V

-Z‘}“‘/J', » ¢q. (E.3), Appendix y
Barmonics of (f/f )
$hear modulus, lbs/inch
=1/2 (Q+iq)
=1/2 (Q-1q)

Airgap at pole for éccentric retor, inch

Airgap at the j'th stator tooth of the k'th pole, inch
Transverse area moment of inertis of shaft section, tnch4

Effective or ammeter value of armature current, amp

.
Polar mass moment of ipertia of rotor staticn mass, lbs-inch-sec

Transverse miss moment of inertia of rotor station mess,
1bs-inch-sec

Defined by eqs. (E-20) to (E.22), Appendix V
- V:;', the imaginary unit
Armature current, amp.
Field coii current, imp
Combined stiffness of rotor bearings, 1lbs/inch
Distribution factor for armature winding
Pitch factor for armature winding
Spring coefficienta of bearing, lbs/inch
Inductance of line circuit, Henries
Inductance of field coil circuit, Henries

Distance between pole planes in homopolar generator, inch
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Longthbof‘gcnerator utaﬁér, in;h,
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Rotor span between beariuys, inch

oy,
A

Length of shaft section n, inch .

x and y-component of rotor bending moment ‘to thellcft: of a
rotor mass station, lbg-inch '

x and y-component of rotor bending moment to the right

of a rotor mass station, lbs-inch
Mass of a rigid, symmetric rotor, lbs-secz/inch
Number of turns of a armature winding
Number of turns of a field coil
Number of gemerator north poles (=number .of south poles)
ﬁmber of roter teeth in the heteropolar generator
One half the number of stator teeth per pole in the
heteropolar generator
= /“-%ic-AI » permeauce of airgaps in heteropolar generator

Power factor = cosv’

- '/‘72,!30,000 , conversion factor to get magnetic force in lbs.

Matrices of magnetic force gradients, see eqs. (J.9) and
(J.10), Arpendix IX

Negative stiffness of the static magnetic forces, lbs/inch

Negative moment stiffness of the static magnetic moments,
lbg-inch/radian

Stiffness of timevarying magnetic force, 1lbs/inch

Reference value ugsed to represent the magnetic force

stiffness in the stability calculation, see eq. (L.1l)

Cosine components of the rzdial stiffness of the magnetic

forces, lbs/inch
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Cosine conpouutl of the nd:hl ltiffncu of the
upccic fotcu. llu/udhu '

Cosiné components ‘of the nngular -tiftnnac of the nn;nccic
forces, lde-inch/inch R ‘ i

¢ 4
Cosine components of . the sagular stiffness of the J‘
magnetic forces, lbs-inch/radian

Sine coaponeats of the radial stiffness of the magnetic
forcas, lbs/inch.

Sine components of the radizl stiffness of the magnetic .
forces, lbs/radian

Sine components of the _m;u;ar stiffness of the magnetic
forces, lbs-inch/inch ‘ ‘

Sine components of the angular stiffness of the magnetic .
forces, lbs-inch/radian

Resigtance of the line circuit, ohms
Resistance of the field coil circult, ohms
Reluctance

Combined reluctance of the airgaps at the north and
south poles

Reluctance of the airgap at the k'th nerth or south pole

Reluctances of the two airgaps at the k'th pole in the

heteropolar generator
Reluctance of the flux path through the stator, see 2q. (8)
Reluctance of the flux path through the rotor, see eq. (9)

Reluctances of airgaps 1,2,3 and 4 in the Two-Coil Lundell

generator, see fig, 3
Radius , inch

Matrix used in the solution of the stability or response
calculation, see eqa. (J.20) and (K.17)
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Value of S, for k=0, see eqs. (J.23) and (K.21)

8. ¥ { 840"5,

' x and y;éonponent of magnétic moment in centerplane of

alternator, lbs-inch

Time, seconds

x and y-component of rotor shear force to the left of a
rotor mass station, lbs

x and y-component of rotor shear force to the right of a
rotor mass station, lbs

Vector representing the rotor amplitudes and slopes at
the alternator centerplane, see eq. (H.69)

The k'th harmonic of X, see eqs. (J.7) and (K.6)
xk-xck+1x’k, see eqs. (J.8) and (K.7)

Vector representing the amplitudes and slopes at the
first rotor station, see eq. (H.63)

Rotor amplitudes » inch
Rotor amplitudes in the centerplane of the alternator, inch

x and y-component of the static rotor eccentricity in the

centerplane of the alternmator, inch
Initial rotor eccentricity, inch

Cosine and sine component of the k'th harmonic of the
rotor x-amplitude, inch

Cosine and sine component of the k'th harmonic of the

rotor y -amplitude, inch
Rotor amplitudes in the plane of the north poles, inch
Rotor amplitudes in the plane of the south poles, inch

Rotor amplitudes at rotor mass station, n, inch
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,
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- [ V?A/ E I] s inch" ’
Defined by eq. (H.32), Appendix VIII, inch >

=+ 40,

- [EI/ZdAG]',, » inch

Power angle for three-phase winding E -

=e/C, eccentricity ratio.

dx : :
- ;.’z . slope of rotor in x-plane, inch/inch

Slope of .rotor in x=plane it centerplane of alternator,
inch/inch

Rotor misalignment angle in x-plane, inch/inch
Slope of rotor in x-plane at rotor station.n, inch/inch Q.
Elements of rotor.impedancc matrix Ek
-K-QO-(kv )zn
sky B ' =
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Permeability of air )
Prequency, radians/sec

Mass density of shaft material, lbs;secz,'1n4
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‘"typgp and to describe two computer programs which have been written to calculate

¢ vl

K ' . INTRODUCTION

In the dcvoloﬁncnt of high speed electrical machinery for space power plants
snd compact power conversion machinery it hss been found that the rotor may
exhibit unsafe large amplitude vibration under certain operating conditions,.
This vibration is caused by the interaction bet:r.en- the rotor and the magnetic
forces in the airgaps of the electrical machinery. It is farther accentuated

by the fact that the rotor bearings in this type of machinery employ low viscosity
fluids or gas as a lubricant whereby the-bearing-stiffness and damping 1i¢ smaller
than for conventional bearings.

The application of alternatrrs to this type of machinery is still in an early
development phase and the experiencewth the-vibration problem derives so far

- from machinery employing electrical Rotors. However, because of the close
similarities between alternators and electrical motors it is to be expected that
alternators may develop the same kind of vibration problems as previously found in
motor applications. For this reason sn analytical investigation of the problem
as it could occur in alternators has been undertaken. It-is the purpose of this
volume to present an analysis of the magnetic'fofées in three brushless alternator

the .E:Bilixy and vibratory response of an alternator rotor subjected to magnetic

forcas.

The three brushless generators investigated are: 1) the homopolar generator,
2) the heteropolar inductor gemerator, and 3) the two-coil Lundell generator.
They are shown schematically in Figs. 1 to 3. Formulas are given from which the
magnetic forces and moments can be calculated directly once the dimensions and
operating conditions of the generator are known. Numerical examples are given
to 1llustrate the practical use of the formulas.

Two computer programs have been written for calculating the dynamical performance
of the alternator rotor with the imposed magnetic forces: The menuals for the
programs, containing listings of the programs and the detailed instructions of

how to use the programs and prepare the input data; are given in Appendices

-1 -
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XI and XII. The first pregram cn-inu ths ununcy of the dututor rotor to th‘ )
generater magnetic forces, 3nd the second program calculstes the resulting smplitude
response of the rotor when the axis of thoromdoumummuthtbcm-

netic sxis of the gensrator stator. m progun are qd.ec general nd apply to
any rotor er bouia; conzigura::lon

LR P “© e

Because of the large number of parameters involved 1¢ 4s not possible to give -nyv '
general results or design charts. However, from the few ssmple calculations per-
formed and from certain simplified analyses, indications itc that for most appli- )
cations the rotor vibrations are small and the stability margin is good. On the 4
other hand, 1f the operating conditions are such that the magnetic force f.toquuicy ‘ .
can excite a resonance of the rotor-bearing systes, large rotor amplitudes msy  .
result and, furthermore, the stability margin msy become unaccepsable. A detailed I
calculation is required under these circumstances, and the methods prucnud iu ’
this volume provide the means for performing such calculations. ' "
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The p:oblcl of oloctronngnctically induced totot vibtationn vas fitlc encountcred_“
in a gas bearing supported, slectrical motor driven conpro-aot. Littls vas known
about the causes of the vibrations and oniy by a tria} test procedure were suffi-
cient modifications made to the design that thevuni:’ﬁcrforned satisfactorily.

In two later applications, also motor driven ebmpreicorl, serious vibrations were
again encountered and, as in the first case, the prqblen',could only be overcome

by making trial modifications to the design until the vibrations were eliminated.
In one of the cases, the probleﬁ was solved by changing the method of field exci-
tation, proving that the problem definitely is caused by the electromagnetic forces.

When the need arose for incorporating alternators into this type of equipment it
was natural that there were apprehensions about encountering the same vibration'
problems as already experienced with electrical motors. It hasg, therefore, been
decided to undertake an investigation of the problem as it spplies to alternators
so that some design informatioz is made available at an early state in the develo#-

ment of alternators for space power plants. Since the available experience with

the problem is all based on electrical motors, the investigation is analytical
and there are no test data to compare with,

The investigation falls naturally into two parts: a) a study of the magnetic
forces in the alternator to establish methods and formulas from which the forces

can be calculated, and b) the development of computational methods to determine

the effect of the magnetic forces cn the dynamics of the rotor.

The forces acting on the alternator rotor derive from the magnetic pull of the

.stator which is proportional-to the square of the flux density in the airgap between

the rotor and the stator. Hence, if the flux distribution is uniform around the

rotor circumference the resultant magnetic force is zero, Hawever, for the alter-

nator to generate power it 1is necessary tﬁat the flux density varies around the
circumference and, also,.it mugt turn with the rotor. Even 80, as ‘long as the

distribution is symmetric, no net forces will act on the rotor, but if the rotor

is eccentric with respect to the stator, dissymmetrics are introduced ia the

b

-3 -




flux distribution causing & resultsnc force oa the rotor.. To illustrats, consider

e 4 oimpls case of & four pole homopolar gméa'tor which is studied iz mors detail in i
T Appendices T and V. The rotor has two nerth poles and twe seuth poles vhich are mot |
— in the same phu (ses also fizurc D

i
[

o f 2 The flux density at the first north pole 1is B uloum pc: sq. uch. and at the
second north pole it is Bz. If the ares of a polc is A :hch » the net. force i
acting on the rotor dus to the north poles is:. ‘ : g

F;,)=7‘§'(Bf-8:) | | W

‘, whers the factor ’% is introduced to gét F;, in lbs. when B, and Bz are in
f kilolines per sq. inch and A 1s in éq. inch. '

When the rotor is concentric within thc etator, the tndial airgap at the poles is :
C, inch, and tha sterage flux density 1s B, . In that caset B, =B,= B, and =
the net force is sero (i.e. Fy =C , see oq. (1)). However, vhen the rotor ' =
1s sccentric such that its center has the coordinates x and y with raspect to the :
center of the stator (see the figure above), the airgaps at the two poles are not

the sama. The flux density 1is inverssly propoftioul to the airgap, and assuming

the rotor eccentricity to be small compared to the ndid gap C, the airgaps at the

two pales can be expressed as:

T s et ot et e ot e i s g e e e e
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airgep at the first north pole: h=C f "g‘ Co.i(wt"'tsinﬁﬂ]

(2)
airgap at the second north pole: ’\“:C[ ""é Cd(ht)"'% Sin(wf)]

W 1s the angular speed of the rotor, radisns/sec, such that (wt ) gives the o

angle at time t between the x-axis and the line through the poles.  Since 1t

is assumed that the ratios ‘C! and 2’ are small compared to 1, the flux den-
sities become:

B,= £ 8,= B,[I+ & costt) + ¢ sinlut)]
(3)
B= £ B, B,[ 1~ costat) - ¢ sinlet]] |

from which:

B'= Bl [1+ 2§ coslt) +2 ¢ sinluot)]
B = B [1-2 coslaot) =2 % sinteot)]

The net force acting on the rotor is then determined from eq. (1) as:
AB;
R = 4-75‘8' [Xf_osfwf)ﬂ,sin(wt)] (4)

This force follows the rotor as it turns. Its components in the fixed x-y-
coordinate system are:

Foy = F, costat)= z.,.ZC e [x(1+ os(2at) +y sinast)] .
g = Fu sinlat) 2 53¢ [ sm(?wt)+g(l-cos(?mt)))

It 18 seen that the force is directly proportional to the eccentricities x

and y (this is, of course, only true when x and y are reasonably small compared

to the radial airgap C). Hence, the magnetic force acts as a negative spring -

force (negative because the force acts in the same direction as the displacement;

it does not oppose the displacement as a mechanical spring would do). It can
further be observed that the force contains two parts, one part which for

given eccentricities x and y is constant, and one part which varies periodically
with a frequency of twice the rotor speed.  The constant part of the force

acts on the rotor simply as a negative, static spring, but the timevarying

part can force the rotor to whirl and even -induce fnstability as discussed

-5
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later. All generator types produce magnetic forces of the same general form as
showvn sbove although the timevarying part may be absent in soms cases. Of the three
generator types studies, the four pole homopolar generator and the heteropolar .
inductor generator under load have magnetic forces with timevarying components,
vhereas the homopolar generator with more than four poles and the two-coil Lundell
generator only have static force components.

To complete the above example of the magnetic forces in the four pole homopolar
generator, where only the forces acting on the north poles hsve been coneidered
so far, the forces acting on the south poles, E,, and - E.’ s can be obtained
simply by observing that the south poles lag the north poles by 90 degrees.:
Hence, by replacing (wt ) by ( W# =90 ) in eqs. (5), the forces on the south
poles becoma: A_B: .o o '
R =2 B2t [x(1-cost2att) —y sin(2at)] |
{6
AB; .
k=2 "72%' [-xs:M?a:tHy(Hm&(?wﬂ]

Thus, 1f the north poles and the south poles are in the same plane, the net forces
acting on the rotor, namely F;= ( FNX"' E. ) and F.:. - (F~,+ F}, ), are in-
dependent of time. Only, when the pole planes do not coincide, is there a possi-
bility of a timevarying force or a timevarying moment. For details, see Appendix I.

This simple analysis illustrates the general character of the more detailed analysis
employed in Appendices I tc VI to derive the formulas for czlculating the magretic
forces. Tha analyses are concerned with the fundamental harmonic of the forces

and do not consider the contributions from such factors as highe- harmonics in the
flux wave cr higher harmonics in the flux density distribution caused by edge
effects, slotting or pole shape. It will normally be found that such factors have
negligible influence on the net forces although they can cause apprecicble local
forces. They are basically unaffected by rotor eccentricity and, therefore, cancel
out when the net force is obtained. The effect of generator lbad, én the other
hand, cannot be ignored and is included in the analysis. When the alternator
operates under load, the armature windings produce a magnetomotive force, commonly
known as the armature reaction, wirich opposes the flux direction of the main

field. Thus, the general effect of the armature reaction is to reduce the magnetic

forces and, at the same time, it may also introduce new timevarying force components

- 6=
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which have the frequency of tha line currcat-or.hg:;onxcn‘tb-rcof. o

The nnalylin'1gnoreo*aatutation effects in the iron and assumes that all of
the reluctance in-the magnetic flux path occurs in the airgaps &t thc poles.

p s
In practice this assumption is not valid where the iren operates cloco to -aéu—

R St
ration. The effect of saturatior is to reduce the magnetic force valuc-

]

s e i sl

obtained on the basis .of unsaturated iron. To {1luctrate, return to the hoﬁd—
. polar generator analyzed above. As shown in Figurs 1, the field coil is between
the two pole planes. The flux starts in the rotor at the north poles, passes

the airgaps of the north poles, goes through the stator iron and returns to
the rotor via the airgaps of the south poles, The combined r\elucunce of the
two airgaps of the north poles is (two reluctances in paralleil):

C . . it
Bu= 3 oo

b
£
§
i
b

vhere C is the radial airgap, A is the pole area and M is the permeability
of air. The reluctance 0?5 of the airgaps at the south poles is the same,
l.e, “S‘ @u « The reluctance az of the flui path through the stator irom
depends on how the flux is distributed over the cross-sections of the path,
Symbolically the reluctance may be written:

R = S z_ > II
> g cl\erI (/“IAI)‘M’¢ (8)

where 'lr represents the total length of the flux path, 2 is the coordinate

WAy T T W NGRS £ T e -

along the path, Ar is the cross-sectional flux area which depends on 2

JRE

and Mz is the permeability of the stator iron. MI is a function of the local

.t o

flux density and, thus, is a function of gz (it actually also varies over the
cross-sectional area). The calculation of @1— is rather couplicated since the
permeability is a non-linear function of the flux density, thereby making 1t
necesgsary to compute the detailed flux distribution in order to find the effective

’ overall reluctance - d’ of the flux path.

The reluctance ;ag of the flux psth through the rotor can'be repregented in

a similar way:

P

A

).ﬂwuﬂ
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where the meaning of the symbols is the same as above. m toul zeluctsnce of.

the flux path is the sum of the four reluctances: Ry + «, + R+ A .
Thus, if the field coil produces a magnetomotive fovce 3 » the drop in mmf,
}n , across the airgaps at the north polas become: . '
‘hv : ‘
= .
3“ @.,fa,-rd;*ﬁk }‘ T - (10)

vhere & = &, . 1f saturation effects are ignored, them @p= Ry 20 and
3,,33 3; . The actual drop in mmf is smaller, causing a proportional reduction
in flux density and, therefore, a parallel reduction in the magnetic forces.

In this way the effect of saturation can be included by multiplying the force 2
values obtained on the basis of unsaturated iron by the factor: [“./ (3&'*?1-*@3)] .
It should be emphasized, however, that this adjustment is only necessary if the
flux density has been calculated on the basis of unsaturated iron. If instead

the actual flux density, B. , in the airgaps at the poles is known and used
directly in the formulas given in the following sections, the effect of saturation
is already included (because the effect is included in Bﬁ Y.

Having determined the magnetic forces, their effect on the rotor can be studied.
It should first be noted that that part of the forces which does not vary with time,
has only a "passive" effect. It can be represented simply by negative springs
in parallel with the stiffnesses of the rotor bearings and the stiffness of the
rotor shaft. It is obvious that if this negative stiffness is large emough to
offset the combinad rotor-bearing stiffness, then the rotor will be statically
uﬁptnble or, in other words, the magnetic forces are so large that the retor
1s simply pulled up against the stator.. This case is of academic interest only
or, at least, it is readily checked and does not require any speciai investigation.
Hence, assuming that the system is statically stable, the timeindependent compo-
gents of the magnetic forces can be considered an integral part of the rotor-bearing
system in which they are included simply as another rotor bearing, although with
a negative stiffness. In the analysis this negative stiffness is called Q% »
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1bs/inch, and in additiss allowance. s made for. s siailar negative mement stiffcess "

/] _ S
Q‘ s lbs-inch/radian., They must be specified tw. the inpot- to the rotor computar
programs. ) : { L ’

: H
s

R iy . B ":i
. NEUS I ,,~ M . .- : . ‘
Turning next to the timvnryina .compotents-ef. thvn;noc!e forcu. they can in-

flusnce the rotor in two ways:. - thay-may. udurmubﬁity nu!, furtherwore, 1f

there is any built-in eccentricity betwesn.therzotor and- thr ltator. thoy can
force the rotor to whirl.

'Using again-the previous- example-of the 4 pole ho-o- o
polar generator, let the rotor dbplncnenul'mtuted from- the center of the )

PRARPIN

PR

alternator stator be Xy and Yy in the plane: of ‘the morth poles, and X5 and

Ys in the plane of the south poles. Then the timevarying components of the
magnetic forces can be written (from eqs..{5) and (6))

-
s

-
i
et v i i Dt

(Fﬂx)t' 36C [XN foS(?wt)‘Hj” Sm(?wt)]
R )tnm’, v :6% [x,, s»‘n(th)-t,,, coé(?éf)]

' (11) ..
(st )ﬁmn,.‘q’ 36('. [Xs (os(?w’t)-f Ys sin (za,t)] ,v ) o o ;,;
(F“l )ﬂuvm,iq; - %BC; [Xs sin (wa) Yy Co5 (?wt)]

Let the distance between the two pole planes be Lp, inch.

Then the slopes ofﬁ.the, -
rotor are: ' '

|
(12)

| 9= 1L (4n-y5)

The rotor displacements at the cemnter plane of the alternator, midway between
the two pole planes, are:

13)

y=2 (9~""Is)
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‘The forces F; and Ffy ‘and the uun» es Ty mJ‘.’, ~acting on the-rotor at tha e

centerplane of the alternator ars: N L R NI F LR Sy EEA
Fx = F~' +F$x S Lrdg
El = FN? + E‘I e (14) l, 7‘
' E’in(Fmr' sx’ : el o *
* ML (RR) o
Substituting egs. (11) into coc (16) and. -ktng ‘use-of eqs: - (12) and (13) yicldu- i
Fe= ?‘%: L, [e-cqs(?wt)-r(psin(?mt)]
R = %—Bc’ Ly [o-sin (26t) - Pcos(2ut)] as

,f ‘ | T, 33%% L, [x-cos(2ast) +y sin(2et) | o
/ l‘ 'ﬁ, 3“-_ L [x sin(2ait) qus(th)] a !

Now, assume that the rotor starts to whirl in a closed orbit such that X,y,®

and 4’ represent: harmonic oscillations. Then the-magnetic-forces performwork
on the rotor and, if this work is integrated over one-cycle to-determine the net
; energy, it will be found, that if the rotor motioen-is-periodic with a fundamental
frequency of either W or rLXY » the possibility exists of the energy imput to

| the rotor _being positive. In other words, energy-can-be transferred from the mag-
‘ netic field to the rotor motion. It obviously depends on'the phase relationships
: between the magnetic forces and the rotor motion-1if the-energy transfer to the rotor
, will be positive or negative, but if the energy is-positive, the rotor motion will
actually grow and the rotor is unstable. 1f the-energy is zero, the rotor motion
will persist indefinitely and the system is on-the threshold -of instability. The
phase relationship between the magnetic forces and the rotor motion is governed
by the stiffness, damping and inertia properties of  the-rotor~bearing system and
for an .actual rotor it is necessary to perform the-detailed calculations on a
computer. The computer program for such a calculation 1s described in details in
Appendix XI. Although the program does not -actually check the rotor stability by
means of the outlined energy method, the employed ‘method-is-equivalent and the basic
analysis is described in Appendix IX. The program calculates the threshold of
instability as the zero-point of either of two determinants iﬁ'complete analogy to

the above development where the rotor-is-on the-threshold-of instability when

- 10 -
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tbe ancrgy 1npnt is ‘zero vhich nay happca ﬁu'ebc'imﬂmnt fr-qmcy h
either @ or 2w (in ‘fact, ‘the.two. doum"eorrupandrto rotor motions o
with these two fundamental trcqmciu). hr‘lutehinrfot' the-zero points of

the determinants (i.e. the chrdhold of- in-tnbﬁity);':he rotor speed is kept
fixed and the magnetic-forces- nu varied-over: rlpcciﬁul 'range. Once the
threshold has been-found; it 1‘ 1lnndiatnly'chaekedflf'thc'letual -agnetic forcel
puts the rotor in a stabdie or gnnunstablcrzuatrof operation.

This form of-inltabiiity'il=noéﬁally classified-as-a Mathieu type of {ostability
(refarences 1 and 2). However, the classifal Mathien-equation represents, in

this context, a rigtd, aymuetricalfrotorJvith"en!y'one*cxitical'apeed, with only
one amplitude direction~and-wigh~no~dnnptng*1n'the’aytttnu' A stability map for .
such a system, although with damping: incloded; 2s-shown in figare 5. It will be
discussed in detail in the- chuptcr ‘entdtied !'The-Coneepe: of Stability and Response
of a Rotor with Magnatic: !brceas" “Mostrrotors;~however;-can-not be represented

in this simplified fashion. - A: typical- rotor-is-net-entirely symmetric and of
greater importance, it has many-criticai- speedes--Farthermore,- the Mathieu equation
allows only for'ona'fora"bf'thernagnetic*fotces*which;'aa'an'example; cannot be
made to represent the forces in a four pole homopolar generator. The developed
computer program is far more general and can-treat any-arbitrary rotor with all
its resonances, and also makes it possible’ tospecify magnetic forces of any.

form desired. ,

In writing the program it has been considered'tO"admit"more-than'one.frequﬁncy
in the magnetic forces (in the language-of-the literature: to'go from a Mathieu
equation to a Hill zquation). However, the stody of the three selected generator
types does not indicate that higher harmonics of the fundamental frequency are
important. Hence, only the force components of the fundamental harmonic are ,
treated by the computer program. Furthermore, "to-include-higher harmonics would
drastically increase the computer time. From the point-of-view of the analysis
or writing the computer program, it is just as'easyico treat any number of
frequencies than just one but it is felt, at this stage, that it would be un-
Justified because of the computer time.
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”"j ' " It ehould be -phuizod m: it u m .. u.-pu rostine metter- te- potfm uwmq
; calculation. It requires scme prn—bnlugc of:theccharactaristics of the reters, . .
; bearings system (notably where the cricical- speeds-ars)- fa’ order to i__ntptptﬂt _t_hq,;; T

results of the calculations correctly, ‘and-it-is’ necessary’ to perfora calculaticns ..~ .

not ounly at tho operating speed but .over. a.suffieient range” of specds that @ = ... .:

stability nap can be established. These problems-are discussed at  length in thc

f chapter entitled: "Discussion on Performing:Stsbiiity Calculatioms.” = = = ..

o

lation, Let eqs. (15) be representative  of-the-timevarying msagnetic forces and

assume that there is a built~in eccentricity- between the~rotor  centerline and the

stator axis such that, without the rotor whiriing; the-center of-the rotor has . ‘ :

/ the coordinates X, and §, with respect to the center-of the stator, measured in . |

\ / the centerplane of the alternator, Furthermore, the-axis of the rotor is mis-

/ aligned with respect to the stator axis-by the angles €, and ?. '« Then, as seen
from eqs. (15), forces and moments will act on the rotor: :

(R),= AA‘a‘ Le [6, tos(2et) + @ sim(20st)] L
(E,),z 3(,Cz L' [9. sin(zwt) — q?,Cos(Z(»‘t)] N o . :
(1;), = ﬁ% Lr [x, cos (Zit) +y, Sin f?:ot)] o

(Ty) = 5o Ly [x, sin(2ut) =g, 5in(20t) ]

These forces and moments will obviously force ths rotor-to whiri. Since the forcc;
have a frequency of Zcu, radians/sec, it is to be eaxpected that the rotor will

b whirl with the same frequency, i.e. the totor-‘vibntim‘u'will be at twice per.

‘” revolution instead of the synchronous vibration encountered when the rutor has a
mechanical unbalance. In general it will be found that this will be the predvminant
frequency of the vibration. However, as shown by eq.-(15), the ﬁgnetic forces
depend on the rotor amplitude. Eqs. (16) only represents that part of tha forces
which 1is induced by the built-in eccentricity.  The remaining part of the magnetic
forces, namely the difference between eqs. (15) and-(15), will "interact with the
induced forces via the rotor-bearing system and will cause the rotor to respond

not only with s frequency of Cw, but also with-the frequencies 460 &o §a

and so on. This calculation is performed by means of the computer program deacribed
in details in Appendix XII.The basic analysis 1is-contained in Appendix X, As in

l The rotor response calculation is mere readily performcd-than- the-stability calcu-
{

. - 12 -
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the atability computer ptogf:n,'thc rotor nay be any‘nibitri:y flexible rotor

with several bearings, and the form of the magnetic forces is quite general.

To calculate the response, the built-in eccentricities between the rotor and the

stator must, of course, be specified. A more detailed discussion of this type
of calculation is given in the chapter: '"Discussion on Performing Response
Calculations."”

In summary it can be said that the analyses, the formulas for calculating the
magnetic forces in the generator and the two rotor dynamic computer ﬁrograms

are quite general, and together they provide adequate means for a comprehensive
check of the performance of a proposed alternator rotor-bearing system design.

It should be noted, hcwever, that whereas the presented analyses and the compu-
tational methods are believed to be sound, there are no test data or actual
measurements available against which the theoretical predictions can be checked
and compared. Furthermore, in those applications where the magnetic force
gradients are small compared to the combined rotor-bearing stiffness (aay, less
than 30 percent), the two rotor computer programs are unnecessarily "sophisticated"
and unjustifiably complex. They give correct results but in far more detail

than required for design purposes. On the other hand it is felt, that as long as
no real practical experience is available to serve as a guide, it is safer to use
calculation methods which are generally applicable although for any particular
application much of the generated information may prove to be of limited practical
significance. At this early time in the development of designing alternators

f or space power plants it is not possible to predict with any accuracy what

future requirements may demand and viewed in that context the presented methods
should be able to serve their purpose.
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THE MAGNETIC FORCES OF THREE hRDSBLBSS GENERATOR TYPES

Three brushless generator typ;- are investigated: the homopolar generator, the
hetercpolar inductor gancrnﬁor and the two-coil Lundell generator. They are
shown schematically in Figures 1 to 3. The magnetic for:es produced by these
generators have been derived for the generators operating without and with load
and the analyses are given in datail in Appendices I to III.Since manufactured
generators differ widely in construction (notably in the way they are wound),
even if they are of the ssme type, the analyses are kept general, not specific.
The objective of the analyses is to derive simple formulas from which the magnetic
forces can be calculated with sufficient accuracy for engineering purposes. Only
the fundamental harmonic of the forces are considered and such factors as higher
harmonics in the flux wave or stator and rotor slotting are disregarded. The
most serious assumption is that saturation effects are ignored. However, satura-
tion will reduce the magnitude of the forces and the developed formulas will,'
therefora, give too large forces. Thus, the rotor calculations will be conserva-
tive and actually have a built-in safety factor. It should be noted, on the other
hand, that in an actual generator the eccentricity between the stator and the
rotor is sst knownwith too high a degree of accuracy, so that a safety factor is
required anyway. '

The formulas for calculating the magnetic forces are sect up to conform with the
required input format to the rotor stability and the rotor response computer '
programs. Hence, the calculated numerical values can be used directly as input
to either of the two computer programs. To explain the input format, let x and
y be the amplitudes 6f the rotor in the centerplane of the generator, and let ©
and ? be the corresponding slopes of the rotor (i.e. © = j-z"‘ and (P - 5;’ ,
taken at the centerplane of the generator, where z is the coordinate along the
rotor axis). The magnetic forces have the two force components: Fx and F', and
the two moment components: '1‘x and Ty. The forces are assumed to be proportional
to the amplitudes aad slopes of the rotor:

F) [éx Qe Gy Qo or, Do Gny e Jug x

Py by L _ 1% Qy Qyo Oy ~ {3 Y5 G Byelg; yy
7 1=lde Q..Q.,Q,’:Q"mmt) %?a,?o.i.,”(m’ of . an

Tyl 1691 [(Qx Gy Gy Gy I Iy Ioe 9
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Herae, r and ry are the magnetic foreu in lba, 'l' and T’ are the ngutic moments
in lbn-ineh,ﬂ is the freguency of the magnatic tareu 1n radians/sec., t 1s
time in seconds, and the Q's and q's are the gradients of the magnetic forces and

moments where the first index specifiss the force direction and the last indax '1"',.
the amplitulle direction. The twe computer programs tequire that the nluu of t.hcu

gradients are given in the computer input. In the following it will bc nbovn va
the gradients are obtained for the generator typu under atudy.

The 4 Pole Homopolar Generator - The magnetic forces in the homopolar genératvor S

are analyzed in Appendices I and V. There it is shown that only for the fout pole

generator are the magnetic forces timevarying. Thus, the rotor stability ptoéi'm

and the retor response program only apply to this case., For a different number of
poles, there is no response or stability problem. '

As shown in Figure 1, the north poles and the south poles are in separate planes.

Let the distance between the two planes be Lp, inch. Then the magnetic forces

and ‘moments for the generator operating with no load become (see Eq. (A.46),

endix 1): .
dee F 2x | 0 0-10 0001 x S
Rl agtl)? 000! 00¢0
y{_ AB, - Y} as
" 36C iLge g e PRI L a8
Ty iG 0100 | 000 o))
where W is the angular sreed of the rotor in radians/sec. Hence, in teras of
eq. (17):
: lbs
=49 33¢ inck a9
AR 2 {bs-inch
Q= mé L e - (20)
- AR
..Q“:Q”-—QGFQ”:qu:q”: qox=qf’=2%’-f lbg (21)

(all other values of Q and q are zero)
The nomenclature is:

A = area of one pole, 1nch2
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Ce tldtll atr gcp at the pol‘.. 1,;& ﬂ'fff. :
L’ e digtance betwsen planes of north polu and uuth pola, i.nch.

B, = Average flux density in the air gaps at the polu d:u to thc ﬂold
coils, kilolines/inch? R

To take an exampls, let the average flux density be 50 k.i.loihm/inch I
(This 1s & rather average value for generators for space powe~ plants and
similar applications). Furtharmore, let the radial sir gap be 0.040 inch,

the length between pole planes: Lp = 4,2 inch and the pole area: A = 5.76 1nch2.~

Then:

ABl _ _576-(5) _ 5 Is
72C 720,040 000 ek

Hence:
Q= 20,000 1%
Q)= 88,200 Axiack
~Qus = Oyp = Gug=9yq = 42,000 e 2
~Qox = Qpy = Gox =gy = 42 oop ll:inck

The ratio between the nagnetic force frequency and the speed of the roter 13.

2
il 4

In this way all the magnetic force input data required for the two computer

_ programs have been obtained.

When the generator is loaded, all the above values are reduced by being multi-
plied by the factor (l-f )2 w-are:

£= -3,,,15— MR‘ KeKp Ny I, sin(Y4+4) (23)

R; = resistance of the field coil,ohms.
Ny = number of turns of the field coil

E, = the d.c. voltage impressed in the field coils, volts
N, = number of turns of one armature winding. -

-~ 17 =-
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Ky
Kp = pitqb factor (¥ 0.96 to 1) : e .
Y = power factor angle B T T
d

= power angle.

Thus, f;, gives the ratio between the de-magnetizing compcnent of the arnsture *

reaction and half of the mmf of the fieald coil. A detailed discussion 1-'gtvdn o

in Appendices IV and V. To calculats f; 1t is necessary to obtain tha nccesanry
data from the generator nanufacturer.

the Heteropolar Inductor Generator under Load. The magnetic f&rces of the hetero-
polar inductor generator under load are analyzed in Appendix VI. Only when the )
generator operates under load are the magnetic forces timedependent and, thus,

oryy in this case can a rotor stability and a rotor respounse calculation be per-~
formed, ‘

The heteropolar inductor generator produces magnetic forces only and no moments.
The forces are derivad in Appendix VI as: ' '

3
Ry

\ - -1 0
"{- 0 <oslw)-2f,.{ ]ﬁ»‘w) HED
0 -

tnn b, lhiic,*tf,‘){ - 9

Y

Hence, in terms of eq. (17):

3
Q=B M

72 C tnch (25)
, -
Q=0 ' (26)
2
2nnsA. B b
Q= 0y= — BED 26, % (27

2nn A B, 1
N s I | @8

All other gradients are zero. The ratio between the magnetic force frequency
)} and the rotor speed 1s:
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The nomenclature is: i;wf,

2n = total number of poles (n north poles and n south poles)

n_ = one half the number of stator teeth per pole

n, = total number of rotor teeth

AT = area of one stactor tooth, inch

C = radial air gap at the poles, inch

Bo = gverage flux dengity in the air gaps at the poles due to the field
coils, kilolines/inch?

{"ﬁh = fundamental components of the armature reaction, dimensionless.

The method for evaluating ﬁ, and g, is given in Appendix VI. Here it is found,
restricting the analysis to the first harmonic, that:

o f = iviLe
fariby = TROAW (30)

where:

1 ={=1

Y = nrca s the frequency of the magnetic forces, radians/sec

Lc = gum of the self-inductances of the 4n armature coils, Henries
L¢ = the self-fnductance of one field coil, Henries

Yy = 54[R;+i>L‘] » the admittance of a field coil, obms
resistance of a field coil, ohms

A VTR;*IVLﬁ] , the admittance of the power circuit, p—
resistance of the power circuit, ohms

4 X
-
L I B )

[ 2
L}

A inductance of the power circuit, Henries

Let P be the permeance of the airgaps of one half the stator teeth of 2 pole.
Then:

A
P = A‘_Z'kc_:_ (31)

e A = e g vt % = 4o i i 4 4 ot min w4 mrn o

-
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NA = pnumber of turns of one armature coil (there are b.n coils)
N; = number of turns of one fiald coil '

r l» Returning to eq. (33), it can be written: ,
‘ . L
vl ——4‘:6—‘ '
Rﬁ*‘yth - ' -1 A/VLA .
iv = ]
+ - :
gl e PR A T

£,+ify, = (34)

’ ' Consider the numerator. When the line current lags the linevoltage by’ a phase

sngle 1? , then the power factor, pf, is defined as:
pf= cosY (35)
As shown in Appendix 1V eq. (D.16):

* » : Ra
, . - o= oA '
POTRGOLY | (36

T | for ‘which:

. .
s e o an
Vi VIi=OF

If it assumed, furthermore, that the field coil circuit is predominantly inductive
(1.e. Rbva, =0 ), then eq. (34) becomes:

=G _ |
ik ¥ TS e o )

from which:
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vhere i 1s the permeability of air. Then: )
Lc’ 4y, PNA o 2
' Ry . RTL Lt S iy
Le= 3PN i ;
vhere: : ' - ‘ C e e i
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Thase equations amust be considered to de apptoiﬁntﬁ only, but they probsbly

yield sufficient accurate results for the purpose of the roter calculstions. j
3
. 5
To illustrate the use of the expressions, consider s numerical example. Let ;
the generator configuration be as depicted in Fig. 2. Hence, there are 4 poles ;
vith four stetor teeth per pole, and the rotor has 20 teeth: ‘
n =2 J
m, = 2 |
n, = 20
The rotor is 6 inches long and the area of one stator tooth is 1.25 inchz.
The radial airgap is 0.005 inch:
AL = 1.25 tnch?
C = 0.005 inch
Assume an average flux density of:
Bo = 50 kilolinea/inchz
With these numbers:
3 2
2nnArB, _ 2:2-2:1.25:(50) _ N
- . - 67,440 .'K‘l
rye 72-0.005 ¥
Assune the power factor to be 0.8 and let the ratio between the inductance of
the armature coils and the power circuit be 1l:
P‘: 0.8
L =
/L,=1
- 21 -
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Then, from eqs. (39) and (40): 1wg%3:h} . g-;:?-'
| £,=0.18
{7 0.24

Then,eqs. (25) to (29) yleld: e
‘h.='75;690 Inch

Q=0

(41)
Qu = Oy = 25000 L
G = 94y = 33,300 :
B | |
=20

These values can be used directly as input to the rotor response and the rotor
stability programs. ’

The Two-Coil Lundell Genmerator. The magnetic forces for this generator are analyzed
in Appendix III.It is shcwn that, in general, there are no timevarying - magnetic
forces in the two-coil Lundell generator or, if there are, they will be small

since they are caused primarily by differences in pole areas. Hence, this generator

is of little interest for purposes of calculating rotor stability and rotor response.
The two~coil Lundell generator has the same magnetic force characteristics as the
homopolar generator except that the north poles and the south poles are in the

same plane. It is this factor which is responsible for elliminating the time-

averaging magnetic forces.

- 22 -
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In the preceeding chapter, a brief discussion hu ‘Bewn ;h- on hov the ngnccic |

forces can cause the rotor to whirl and siso -indnce- mnun:y. A more
specific discussion is, however, nacessary im- omt wd-cdbc ﬂu basic.
features of the two rotor computer programs;-- !ot'th:h purposs, conaid‘t s

simplified rotor model where the rotor is‘'rigid-and- symmetric. The rotor msss - . .

ie m, the total bearing stiffness is K and-the-total bearisg damping is B. .
If the rotor amplitude is X the magn.tic forces are taken se: {Qo~ (,) cos(Qx
where {2 is the frequency of the magnetic forces, Q and - Q, are the gtldicntl
of the magnetic force. and t is time. The equatian of motion is: o

“t "’B dt "’[K “Q*+Q, as(ﬂt)]xsa . (42)

This equation is the damped Machieu equation. To check its stability, expax.ad
X in a Pourier series (references 1 and 2):

x= E [ xex cos (kW) —xg, sin (ky) ] : (43)
where: -
Y= 1Qt= vt | - 44)
v=iQ (45)

Substitute eq. (43) into eq. (42):

Z {[ (K-@, - (kv)h)x,, - kv By ] costk ) =(K-Q,- (kv)’h)xﬁq-kax,,,]San(lM}
+ Q, cos(ZV);Z__; [x, (os(kv')~x,,, sinky)] =0 (46)

With the trigonometric identities:

cos(2Y) cos(kY) = 3 [ cos (k+2)Y + cos (k-2)V¥]
cos () sinlly)= $ [sin (k+2)y +Sin (k-2)Y¥]

7
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v ?ﬂﬁ‘-’yf’fﬂﬂf*"ﬂ,f‘w‘mlm’:n m s
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s ¥ -

< K==l = K0~ (4 vy

end “‘“‘“" terns 12 °°'<W) wnd -mtw) .' , o, «ss um r,u. to tn, R
infinite sets of simultanecus qm:innn D.nu: Sl L ', t wabd >. din

& R T
vhereby the two sats of equations can be written: ' %
rx. to, 0 0 ] 0 0 0 0 ~ -~ ~ ) x‘.\ :
| Q ok io 0 0 0 0 o-——_] !
0 & ¥ 1 0 0 0 §p—=-~_ Yo o .‘:
{O 0 lQﬁ xl. % 0 "‘t , 0 0*-f-—f' x“f=o ,
| 0 0 0 49 0 % -x {0 0 ———- Y|
B L R I g
! - r ' . A ;
| S : z' N B | .k:n,_z.g,-_-
[(’l-*%QI) =) 'IIQ. 0 0 o o 0, -——-) rx"\
A (x,“%o,) 0 1 0 0 ¢ 0-=--- X
1Q, 0 % <N 44 0 0 9-—-]y |
{0 Q& ¥ 0 {g o b""»J Xabeg O
0 0 Hq 0 % <) ig 0-—-)y,
i 0 0 0 i 0, xs X; 0 ilo‘—-—- xs‘
f ! i J | } N <1 -
, ' ' n i N B |
: To obtain a solution, note that for k23 the equations can be written:
Q 0 X X *n - X, ’
g %{ . }{c,k..}Jr{ qm} +{ A M}{«.]:o .
O Q Xsk-2 Xshn2 %) (%
Set: 4
{ x‘k} = { e p""} { xc,.,_,} (53)
Xs ez %2 ) 1 X5
‘ -24 -
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and substitute into eq. (52) to ntx ‘

:

E |

; e "'°'(x.+ta.-t.)+(:\..*i0.P~7 BTt
¢

i [ A
FoEv a e T

‘ < ! () +10.6.) S
.pu-t !Q. (tnib.d.,)li-(/\.* tQ.Pu)T (33 N

Woting the definition of ¥ and )\, it is seen, that as 'k >0 dy

and p. g0 to zero. Hence, we may choose a sufficiently high value of k that
the corresponding values of 04 and f, can be-set equal to’zere without notably
affecting the accuracy of the calculation.  Starting from this value of Kk,

and decreasing k in steps of 2, all the 'S ‘and ﬁ.'s can be computed from the
] recurrence relationships above, keeping the d,"s and- 15."8 for k even leparntad
from the o s and p,.'s for k odd., Carrying the calculations out to k=4 and
k=3, respectively, eqs. (50) and (51) become: ;‘

%, 1Q .0 Xea
Q, (+3Qay) —O QA X [ =0 (56)
0. (+1Qp)  (a+iQu)] [x,

[N SR VR S

Y

\

(g, +3Q, )  =(),+30,8) )| xa
L (),+£Q,8) (2, +1Q,(,=1)) | %

A
"
[~

(57)

When X, and X, are different from zero,}thrrotot'u -cnstable. This requires
that at least one of the determinants of the two matrices vanish. Hence, the
zero-point of the two determinants estahiish-the stability boundaries. To illustrate,
assume there is no damping ( B"—’O, i.e. '\k =0 dn‘, ﬂrerc‘on, P,,=0 ). Further-
more, assume that 0, is sufficiently smell that ¢, and o, can be ignored (note:

o 1s "proportional" to Q, » 8ee eq. (54)). Under these assumptions the ~clet:ex:'-_
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%, [~ gj]=0. -

&

(x,+to.)(x,-{0.)=\o | ' e |

Substitute for ¥, ) ¥, and M, from eq. ‘(bs)vandftntroduc,t- the critical speed of .

the rotsor:

!
¥
Ry
3!
- B
e
.
N
<
Ry

= Kol » .60 ]
Then the determinants yield the solutions: ‘; .
.!af.é. ‘. - gc = o (61 -
Q 2. ’ 3 -
2%,-40/20; (&%) =21~ ()] S e
) | 0l .
eoMeio)=0: gy =22[1-$(2] &
These equations define the stability boundary for small values of o‘/ (k-0,)
and for ¥ <0 , 1.e. for “’c>% "+ Graphically the equations can
be shown on a st;b:ll:l.ty map:
__O.L.. 'y
K-Qy
0151
05t -
025
a
0 > &
- 26 - .
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It is seen that the uatiou prodncc m lma of !mub:lu:y. one cuurod ac
. =2 and one at G =] . 1If more terms are carried’ tn evalusting O
.dditioml instability zones will be found, centered at q'g f i —-——
but the sones become :lncrm:l.ngly narrower. mtthanpro. vhen dnp:lng is addad
the sones uo longer reach /(K-O.) 0. L-orrdcutud ploc Le shown in Fig. S

vhers the sbeiesa is /@‘ the ordinate is /(K*O.)and there sre curves shawing

the boundaries for different valuas of the-damping parsmeter / Z'MIK"O.)
which gives the ratio betwsen the damping coefficient B and the criticsl dnping

‘The curves are calculated on the basis of the outlined analysis with a uxim
value of k of 30. :

A sinilar stability map is shown in Fig. 6 but whereas the first map is based on

a timevarying magnetic force of the form Q. (oS(.ﬂta. the second up is bued on
a "square wave" variation: : ‘

» {1t

S|
|
3

-0t . R T—

The difference between the two ccabinty maps ‘is not.of any particular importance i

for most practical cases where 0./ (K*Q.) seldom exceeds 1. The second map,
however, illustrates that the changes in the ‘stability zones caused by higher
harmonics in.the timevarying magnetic forces are small.

The analysis for calc;.ulating the stability map shown in Fig. 6 can be found in
reference 1.

Turning next to the amplitude response of ‘the rotor model considered above, assume
that the rotor has a steady state eccentricity X.' ‘measured. from the axis of the
magnetic field, before the field is activated. ‘When the nagnetic field is

activated, the rvotor axis is pulled further ‘out a distance X: until a balance is

resched between the rotor-bearing stiffness-and the -magnetic forces, i.e.
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Let the rotor nnplitude x bc -caaurcd fre- ehis cqutlibziun po-itian Hencs, .

the equation of notion bccomes°

PayrLan EEE

2

m d: + B ﬁ" + K(x!+x) = (Q,~0, cos(t))(x,+x)

dx

This equation is identical to eq. (42) except for the non<zero right hand side.
Expand x in a Fourier series:

X= kZo [Xc,, cos(kY) = x,, Sc‘n(k'l}’)] a L (6n)

vhere:

Y= Ot | | v":(sa)

. -
o

This expansion differs from the earlier one-of eq. (43)" py excluding all the terms

with f!l because these terms drop out in the response calcnlation., Hence, k

i8 redefined and is half of its previous- value. Except for this change, eq. (66)

is expanded as shown earlier resulting in an infinite set" of equations°

0
- T
.
i
.
:
.
- 28 -
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m att +8 :{i’t‘ +[K'ao+oofﬁm1)])t=-0,x, cos(it) - (66) e
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’xé“ fo‘
Qo‘_ % - 44 0 0.0 “""""'-Via : 'Qﬁq
0 ) % 0 46 0 o~ x| 10
{0 46 0 w - ga o==flf=Fo[
0 0 0 & % 0 1Q—=]ix 0
I N
S e P
vhere , ' )
¥, = k=@, = (kR)'m - (70)
= k2B | S o

These equations are reduced to 3 equations by the procedure employed previously

to:
L& % & 0 Xeo 0

Q (e, +7Qu) 40,1‘%0.,8.) Xeo [ ={~0% (72)
0 (A+0,8) (2+1Qa) ] | x, 0

The equations are readily solved to give: '

o tdGarew) |
@ el Gt 0 AT | -1 @ a0 7 .;
X, = *QQ (“l+’foj°‘0 \ | :
o 2,(Ct+4Q,u, ) +(\+40,8,] éo. (%,+4Q,4 ) ¥ 7o |

!"’2 O,é: i
xgg’ N xl+i Q,d, . x“ ' @3 !

For simplification, assume that there is no damping ( B=O, i.e, X,, =0
and, therefore, /3,‘ =0 ). Furthermore, assume that 0, can be ignored. Intrs-
ducing the critical spead @), fromeq. (60) the above equations become:
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XS — —'—‘—Eg:'a *Xo 7
! - (&)‘_*( 'Go)
Xy = 0 (78)

4§ ‘
Xeo gives the shift in equilibrium position beyond- the previously determined
x." , see eq. (64), such that the total static-eccentricity between the magnetic
axis and the rotor axis is:

A '-(gc)z k [}
oo CEEg ey Re % o

where X.' is the mechanically built-in Eccentricity.

: ' Sy
Disregarding the frequently small term 3 ( K- Q.) , the amplitude X¢y is the same
as would be obtained if the term Q,(osmf) was ignored cn the left hand side of
aq. (66). Hence, under the stated condition the analysis can be simplified
significantly.

In the preceeding it has been assumed that the rotor is rigid and symmetric and,
Also,

such a simple rotor model gives-rise to only one resonance (“critical speed").

furthermore, that only one amplitude direction needs to be considered.

Although these assumptions are reasonably valid in some applications, many rotors

are ungymmetric or flexible and all rotors have more than one critical speed. In

addition, the timevarying magmetic forces, "and frequently-also the bearing stiffness

and damping, cause coupling between the x and-y-amplitude ‘directions. Hence, &

much more extensive analysis is required to treat an arbitrary rotor. However, the
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basic principh of the pucuding anslysis is etill n],:ld. l‘tmin; te oq. (46). o
which toru cho ba:u of cho prcvtoua solution, it can be writtem:: .. .:=: p

_d:dl,'

ot vl M8

E.[(“nxé‘&xs«)m&ﬂ’(&&.*&&.)SMM] +Qm(2'¢)£[:g.c§&y)W]fq¢“§o;‘vv ) BEGR

AR IR AN

whers ¥, and Ag are given by eqs. (48) and (49). Tatroduce a complex notation:

(S

X, = Xep # (X, - . (81)

which is actually an sbbreviated notation which in its complete for; reads:

X, * Rc{ (xcyt ix,.‘)e"y} =Xy Coslk¥l=xg, sin(k¥)  (82)

L LT e e o it R T LR T
B . il N et Eaie haah WET WAL & < Ee s L
o \ : " -

vhere &{ } means that only the téal part of the bracketed expression applies.
For convenience, both fc{ } and Cn' are dropped during the detatiled
analysis and only brought back in the final answer. With this coanvention,

eq. (80) can be written: *

Ea (g, +i4)x, +0Q c.s(zv)é X =0 (83)

| et AL e

¥+ {Ae ) 1s called the impedance of the rotor. It gives the ratio between
an applied force Eﬂ: with a given frequency and the resulting amplitude X, .
This is seen by simply applying a force F;k with a frequency ( k '%) » A

to the rotor alone without timevarying magnetic forces. The equation of motion
becomes (see eq. (42)):

m +B L+ (K-Q,)x, = .

¥ aat e Lt i {

where: .
Then the solution is:

F 2 . .
-;i-"' = [k-O.-(k‘;z)m]ﬂ k‘zQB TH, (A (84)
which shows the meanir : of the impedance ()¢, +¢ A,‘ ).

- 31 -




The response at any locatien on an arbitrary rotor can alse be tcprcocntod by .

impedances, and these impedances are determijdd by applying- known dynanic £otcc§ ) ‘

at ths particular location on the rotor, computiag-the cerresponding amplitude anq *‘ﬁ

taking the ratie. In an arbitrary rotor it is necessary to apply forces in botﬁ;éh‘l\

x and y-diractions so that in total: ‘ h
Fee = (y +id)o X + (g ida), 4, - (s;) -
,g = (xu*‘Az») Xt (xu‘“Aa) Yie

Letting the frequency (k 2 ) of the applied forces take on all desired values,

the impedances can be determined for k-(bl ,2, == . These impedances can then

be subetituted intn equations, ope for the x~direction and one for the y-direction,

C e o s e o

of the same general form as eq. (46). Thersafter the corresponding infinite matrices
can be formed, analogous to eqs. (50) and (51), sud-used in either a stability
investigation or a response calculation as discussed previously.
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DISCUSSION ON PERFORMING STABZEQTT CALCULATIONS
The general method employed in calculating téc threshold of instability 1s
discussed in the preceeding chapter and the detailed analysis is given iu
Appendix IX In order to make proper use of the stability computer program,
described in details in Appendix XI it is necessary to be rather familiar with
the analysis. Therefore, a brief difcussion will be given in the following to
illustrate how some knowledge of the analysis 1s essential to a proper inter-
pretatioa of the computer output.

It should first be remarked that the computer program is written for an arbitrary
rotor vhere, as an example, it is assumed that the bearings have different
stiffnesses and damping in the vertical and horizontal directions and, further-
more, that there is coupling between the motion in the two directions. Some
rotor-bearing systems are axisymmetric in which case the motions in the twe
directions are the same and the program does twice as many calculations as are
actuslly necessary. Then the stability determinants tend to atay positive

and the threshold of instability 1s not readily found because of the difficulties

invclved in determiniag those particular points where the determinants may agsume
8 value of zero. Hence, it can be said that the program's ability to handie

the completely general case sometimes makes it more difficult to examine simpler
systens.

The discussion is best carried out by taking an example for illustration. The
two instability determinants are given by eqs. (J.25) and (J.28), Appendix IX,as:

, E,, + 1Q S5 t1 g5, ] =0 (even _indices)  (86)

4 . -
Determinant of { (E,'*'HS,)X, +; OXQ‘*'{'QXS" +¢(quc,-%0X,,) } =0 (87)
(add Indices)
vhere reference is made to Appendix IX for the meaning of the symbols. Comnsider
a four pole homopolar generator for which the magnetic force gradients yield

the two matrices (see Appendix I):
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0=Y2 0 0. 0f - e

0 0 -2 0 S e
Vo <% 0 of - e
2 0 0 0} |
\ \ |
wvhere: 2
AB,

R T | (50)

Let: the rotor be symmetric and such that there is no coupling between the x-ampli-

tudes and the y~amplitudes. Hence, the rotor impedance matrices, Bk’ can bc
written (eq. (H.72), Appendix VIII):

(20, +idg ), 0 0 0
E= 0 0 (%+id,), 0 o1
0 0 0 (wyridy),

If the rotor is rigid with a mass m, a transverse mass moment of inertia I and
a negligible polar mess moment of inertia, the bearing stiffnesses arc:l(,x and

Ky » and the bearing dampings are By, aud By , the elements of the impedance
matrix become:

¥, = 2K, — (kvi'm

Xy = 2Ky~ (kv)'m

% = 3K = (0T

g = 3 K, L= (kv)']

My = 2 (kv) By (92)
l\’k =2 (kv) BA,

dow = T L:(kv) B,

A’k = % lz(kV) Ba’ .
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quency of the magnetic forcu.’ o _ ;o
Consider eq. (87) and restrict the mly-:l.s ;:o s -m;l?h:ﬁm: only‘ (1.e.
S. =0 ). Substitute from eqs. (88), (89) and (91) to get:
(g = 0 0 a 0 0 -a) ()
i ¥ 0 O 0_ a -a 0 X5

0 X.,. "A,f 0 -Q -Q 0 q"

0 A,‘ &,, -a 0 o a I’”

0 (93)
0

Q 0 0 -a X, <A, 0 0 f O,

0 =a =-a 0 Ay ¥, 00 €&

0

a a0 0 0 ¥ <Ay | |
s 0 0 a 0 9 M1 Yy ) |y

The determinant of this matrix is the determinant for odd indices. To evaluate

F TN TN AR Ty, W RF

the determinant it is seen that the systems of equations can be written as two
sets of equations:

{(at,,n'kx.) ”xa“‘i"sf + {“ -{a }{%‘wﬂ} =0 94)
0 (aridg)) Ly iy mia ~a ) (@i

a (@) [Xetixg (%gs=idet) 0 6y =104
+ =0 (95)
& ~a) {y,+iy 0 (st =irgdl (@~
' Oct ~ (O34 .
Solve eq. (95) for {%’_i%' } and substitute into eq. (94) to get:

{(’fxi"ﬂxt) 0 } {4 -ia } {%8.1‘4’4\.4) 0 } { a ia} "cm'xsv} 0
- =0 (98

or:
{(ar,,,—; +iAyye) -f }{xc,fix,, }
=0 (97)
(§ (%= F+ idgs J [ Yes+iysy
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vhere { is the rotor span between bearings and v:! 0 , where f2 1s the fre-~
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where:

¢ 4 W $5 ot
: o2
The daterainant becomes: '
. hY
h, i
{
[

A‘aa(x,,-g’ﬁ:\,,)(z,,-}’ﬁ/\.,,)— = (g vid,, oty +i M)-}’(x,,-oﬂ,,,ﬂ,;ﬁ ),.) (955

wvhich is zero for:

- [ { + b =l .
;- xll‘.'ixm . X.,,HA.,. ] _ . (IOQ)

or for:

2 _.. [ | . r | ]-I | ‘
a-= xm"'l'xm xq,,*’t [X.,- (Ao X',-; )" (101)

Assume that the bearings have no damping, 1i.e. A,,, ‘=&,, "X., */\7.’0, whereby
eq. (101) becomes:

z - xl’ x,l v’i ”’l
(X,,,-PX,, )(X.,'*X,n)

(102)

The rotor has four critical speeds:

ZK,

AN
-‘f ? (103)
Wy = ~a§5
-\/il‘K.
we =Y

i
Wy = 'TEE&
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Substitute from eqs. (92) into eq. (102), msking use of oqs. (103): ., B
ER S S
& e-@r-@rlar 0

RN O T - BT B

[

S8ince it is a four pele homopolar generator, v=w vhere @ is the angular speed
of the rotor. : ‘ : B

The stability map defined by eq. (104) is best illustrated by aussuming cc;'tain
numerical values. Let K4,=Jz' K,, (i.e. the bearings are twice ss stiff in the
x~direction as in the y-direction). Then: a 1

(- (&) -

“y We
Asgume also, that the con:l.c.al critical speed, (Jy , is 1.58 times the translatory i
critical speed Wy such that: ' ' B
(&) =25 o
Then: ' : : SR |
o D= (@) ]0-2(& ) les@N]l-0s (GF]
brm
ek 1-$(EI0- 58]

The corresponding stability plot becomes:
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When it is now considered that there will be analogous instability zones located -
at a=%, ;',3,1, etc. and, furthermore, for & >|  there may be instsbility
gones caused by the higher critical speeds of the rotor, it is readily seen

that the complete stability map can easily become very complicated. However,

it is necessary to have some preconcept of where the dustability zones are,
otherwvise it is easy to misinterpret: the results from the computer program.
Thus,if in the above example the retor is operating at &‘1.5 » the stability
determinant would never be equal to zero because the rotor is inherently unstable
and the determinant only indicates the threshold of irstability, i.e. the
boundaries of the instability zones. It cannot tell if the rotor is stable or
unstable.

When bearing damping is present, the instability zones move up in the above map
and some of the zones may actually disappear altogether. It is still recommeanded
to perform a calculation without damping first in crder to locate the potential
instability zones. It ia then eagier to decide where tb search for the instability
threshold when damping is included.
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The computar program searches for the thresheld of instability by varying
the valus of the magnetic force gradicné." ‘In other words, in terms of ‘the’
above example, s is varied over a specifiedrange at a fixed value of Yy, A
and for each value of a the two determinants arc computed. The ptogrnn‘dotcctl . ‘ ‘
if any of. the determinants changes sign but is, of course, otherwise unable to
decide 1f s determinant has a zero-point. The numerical round-off errors and
also the fact that the determinants are only evaluated at discrete values,

e e Rt e a4

usually prevent the detection of a zero-point where the slope of the determinant
is zero. For this reason it is frequently necessary to let the magnetic force
l ‘gradient vary in fine increments. '

In summary, the recommended procedure for performing a stability calculation is:

a. Determine all the critical speeds of the rotor that may possibly influence
] the stability of the rotor. These are the critical speeds which are close to
] 1/2, 1 and maybe even 3/2 times the frequency of the magnetic forces (it
depends on how well they are damped). The two lowest critical speeds should
: always be included and frequently also the third critical speed.

b. The magnetic force frequency, 9] » 1s a fixed ratio of the rotor spéed @ .
For the four pole homopolar generator, , é%==2 and for the hetercpolar inductor
generator, é& is equal to the number of rotor teeth. Then, on the besis

of the known critical speeds select two rotor speeds, one on each side of the

operating speed. These two speeds are determined as the speeds closest to the
operating speed from the following relationships: '

: w = ? Deritical
] i @)

To illustrate, assume that a four pole homcpolar generator operates at 12,000 rpm
(£%==2 ) and that its first three critical speeds a1ze at 9,000, 11,000 and ,
32,000 rpm. Then the rotor sgc:ds at which the rotor is susceptible to instability

[

are:

!
i
h

o oveme e e

i
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9,000 rpm 11._000 e 32,000 rpm . T T S P a:.)'ﬂﬂ,?
4,500 rpm » .505 ,_m 16,000 rpm . - L lenden ot

3,000 rpm 5,700 rpa 10,700 xpm . - . oo oean

, . . . Copes Ty

Hence, the minimum spesd fan;, ?or ths calculations are frem ll;ﬁOO to 16,000 rpm.

£+ Perform stability calculations covering the determined. speed range acd leaving
out agy bearing damping. In this way, a stability map for the undampad system .
is obtained. If the actual magnetic force gradients are such that tha rotor:
operates in a stable tone, the rotor is stable and no further calculations

are required., Otherwise, perform additional calculations ir which the bearing
damping is included. In these calculitionp the magnetic force gradients should
be varied in‘very snall steps in the neighborhoed of the threshold in order to
determine the exact zero-point (or minimum point) of the instability determinant.
If the rotor operates ﬁelaw the zero~point it is stable, otherwise unstable

(in theory there are exceptions to this rule but in practice the rule should be
7alid),
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DISCUSSION ON PERFORMING RESPONSE CALCULATIONS

- v

o

A rotor response calculazion is coneiderably simpler to nerfors than nvlgabiliﬁy‘\
calculation and does not require the same underst2uding of the detailed snalysis,
However, some knowledge of the analysis may prove helpful in certain cases.

Let the frequency of the magnetic forces be {2 and the angular speed of the
| rotor is W . The ratio: .ﬂ/“ is fixed for a given generator ( '%’ 2 for
b : the 4 pole homopolar generator, and ’9, is equal to the number of teeth for the

hetsropolar inductor generator). Tks rotor is forced to whirl by the magnetic
h . forces produced when the rotor axis does not coincide with the magnetic axis
: E of the alternator stator. The position of the rotor axis is defined by four
L coordinates: the eccentricity components X, and Y, wmeasured in the center-

plane of the alternator, and’ the misalignment angles 6, zzi ¢ . In the homo-

polar generator, both forces and moments will be set up such that the forces
are proporticnal to 8, and % and the moments are propértional to X, and Yo »

37 S S PO

In the heteropolar inductor generator, only forces are produced. They are pro- i

portional to X, and y,.

The fundamental response of the rotor has the same frequency as the magnetic

forces (i.e. the amplitudes vary harmonically -4ith the frequencyﬂ ). In addi-
tion, higher harmonics of the fundamental frcquency will also be excited which

means that the vibratory response will contain components not only with the

R I APIRTT SMR Hrlg, g I, oy g T
i

fundamental frequency {1 but also with frequencies 282, 3 , and so on. How-

e e

ever, the excitation force available for the higher harmonics normally decrease

rapidly with the aumber of the harmonics. Let the gradients of the magnetic

.

forces be represented by the symbol a2 and let the combined rotor-bearing stiff-

ness be vepresented by K. If the aumber of the harmonir is h, the ava(ilab,le o
)2'«-! For

.

excitation force for that harmonic is very roughly proportiomal to ( ﬁ
Thus, if the magnetic force gradient is, say 30 percent of the rotor~-bearing ' \
stiffness (i.e. a‘ =0.3 ) and resonance effects are ignored, the amplitudes
of the second harmonic are of the order of 10 percent of the amplitudes of the
fundamental harmonic, and the amplitudes of the third harmonic are only of the

! order of 1 parcent of the fundamental harmonic. Hence, it is readily seen that
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unless ﬂ is reasonadbly hrgc, only the fundamtal  barmenic, or possibly the
two first harmonics, are of any pucuul .ignificncc.' The only pouiblo
exception is when ona of the harmonic froquonc:lu 1s clou te. s resonance of the , ,
rotor-burinz system for vhich little dnp:ln; is providod. In that case, even
if the excitation fotco may be mll. the cortupoudiv; -plitudu could become
approchbh. The ruonant peak, on the other hnnd. vill be very narrow. It 1..
therefore, recormended that vhen a rotor response calcuhtion is porfomed the
calculation is not limited just to the operating apud but covers a reasonsable
speed range around the openting cpecd. In this way it vill ba possible ? dctcct
if there are any high anplit:udo response too close to the opeuting speecC.

. LoIn L es
~

B B

o
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SUMMARY

The principal objectives of this volume are: a) to give formulas from which
the magnatic forces in three representative generator types can be calculated,
b) to provide & computer program to calculate the stability of the alterxmator

rotor, and ¢) to provide a computer program to calculate the amplitude response /

of the alternator rotor. It is the intention that these engineering tools can
be used in future design and developaent work in the application of slternators
to space power plants and similar machinery, and both the formulas and the two
computer programs arc presented in a form where they can be readily applied

to an actual application.

To eatablish the formulas and the computational methods, a tather complex analysis
has been performed. There iz no previous work in this field on which the
analysis can be based and it is Bélieved that several of the developed methods

may be of value in future work on electromagnetic force interdaction and rotor

dynamics.

At present there is little test experience or sxperimental datn againatwhich the
results of this investigation can be compared. For this reagson and, aovre gig-
nificantly, also because it is a problem of sericus practical concern, it would
be d-~‘-able to perform a similar investig~tion of the effect of the mrgnetic
forces on the rotor of an electrical motor. As mentioned previously, severe
vibration problems have been encountered in at least three 2lectrical motor
applications and it would be of importarce to det:zrmine the exact cauges of

the vibrdations so that the problem may be avoided in future motor designs.

The methods presented in this volume could serve as a basis for such an

investigation.
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APPENDIX 1. Magnetic Forces of a Homopolar Generator Operating With No Load

A homopolar generator is shown schematically in Fig. 1. It is a brushless
generator whose field coil is located between the plane of the north pnles and !
the plane of the south pnles. Let there be n north poles and n southpoles.

Furthermore, the field coil has N¢ windings such that it's mmf, 3‘- is:

where i; 1s the current in the coil.

The magnetic reluctance of the airgap at the k'th north pole is RNR and at
the k'th south pole st Set:

2
- Logd
B - & R ’
= =i‘i‘ (A.3)
RS kg'«ﬂ(

. The flux, ? leaving the rotor through the uorth .poles is the same flux that
enters the rotor thrcugh the south poles. Uhen the mmf's across the airgaps
of the north poles and the south poles are 3 - :{E ,regpectively, the

squations relating flux and mmf Lecomes:

- % \ .
= o= (A.4 '

'Since &N and R.S are in saries, the total reluctance of the flux path is

(d,‘+&5), ignoring the reluctance of the iron ‘i.e. saturation effects are

ignored). Hence:

- %
Y= ia, (4.5)
Combining eqs. (A.4) and (A.5):
Ry
= (A.6)
In a,,m, 3
} @~+02, } (A.7) i
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To determine the reluctances, assume the rotor to be ecceantric by the distance

e from the center of the stator and let the angle between the direction of

displacement and the vertical axis (the X-axis) be o ¢

center of stator _| -y 3
¢
A center of rotor
@ i
Angular spaed :
X of rotor .

Define the eccentricity ratio £ by:

e=¢ (.8) |
where C is the mean gadial gap at the puler. Hence:

X = ecosd = C€ cosat (A.9)

y = esinat = C£ sing (A.10)

At time t=0, the first northpole is én the x-axis, Hence the center of the
2

k'th pole is at an angle (k-1) 37 from the x-axis at t=0. When the angular

speed of the rotor is W, the airgap at the center of the k'th northpole can

be expressed as:
o = C[1 =€ cos(wt s+ Zlk-)] (A1)

The southpoles are displaced g from the northpoles, and the airgap at the center

of the k'th southpole becomes:
= C[ 1= £ cos (wt - a+ T+ B l))] (A.12)

Thus, the reluctance of the airgap of the k'th northpole beacomes:

b _

A/_‘ A,u [l € cos{twt - + w(k :))] (A.13)

R
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wheze A 18 the area of a pole and M is the permeability. If € 1s aswumed
small (€<< | ), eq. (A.13) yields:

! | '
2= AC-B [1+ € costet-o + TFk-n) (A.24)

Hence, from eq. (A.2):

a}-; = %&s [h +£ :% cos(wt-& + z,;:(k-n)]

= %’5 [h+€ st -a) ém(? (k1)) =€ sinfast ) .,Z. sin(?(k-n)]

Now:
n | for n=l '
P
2 cos(h &) ={ (A.16)
el 0 for n22
n
z sink¥) =0 ‘A.17)
k=i

Ignoring the case of n=1, where there are no magnetic forces anyway, eq. (A.lS)

becomes:

Ry = ,,—2; (A.18)

-

Similarly, it is found that:

C

Rs= n AL (A.19)
whereby eqs. (A.6) and (A.7) yield:
I=HK=13% (A.20)

Since bcth 3N and 3‘5 , and also WN and RS are independent of time, the total
flux (P will also be independent of time (see eq. (A.4)) which means that there s

no self-induced current in the field coil.
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On this basis the flux for the k'ch northpole becomes:

3
O = dt-:, = %‘2‘3 [H-e cos (wt-o + ?(k-l)] (A.21)

and for the k'th southpole:

A
%kagsd’; —fz-E# Iheus(mt-a +3+ fk l))] (A.22)

At each pole there is a radial force pulling on the rotor. For the k'th north-

pole this force becomes:
2
=  Qux
Q ( A )A

where 6 is a constant which depends on the units employed for the quantities.
1f ? is in lines, A is in 1.m:h2 and the force is measured in lbs., then

-~ '
Q= 7%,130,090

This force has x and y camponents which for the k'th northpole become:

¢ "
(FN:: ) 'S

(F ) = <wa. sin{wt + Z!(k-l)) | (4.24)

cos(cwt + & (k- n) (A.23)

When (’Nh is substituted from eq. (A.21) and the forces are summed over all n
northpoles, the total forces acting on the rotor in the plane of the northpoles

become:
n - zA t Ikl
R = E‘ ( Rl =4 'i‘c‘f" ;5:. [1+2¢ cos(at-a+ g(k-l))](os(wt+ Th-)) @29

2, 3 .0
F.= (;.; )k=6 42 ) [l+2;cos(w‘t-a+ ?(k-l)ﬂsin(mt*'f%;'(kn) (A.26)
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By expanding the trigoncmetric functions and making use of eqs. (A.16) and
(A.17), these equations can be writteu:

%—#' £ Z { cosa[ 1+ cos2(wt+ k1)) + sima-sin20et+ Tk-0)} w29

2

Y,
N~y

F.=0Q eé{(osa-s.’n&"ats*z;,'(k-l))+5e'nd[l~(o52(wt+g,;t(k-l))]} (A.28)

Y

The following identities hold true:
| for h:‘

= AR
kZCos(k 7;) =1 2 for n=2 (A.29)
;1)
0 for n23
Zsm(k ) =0 for all i (A.30)

Furthermore, since the total flux 1is ¢ the average flux density B° is:

-0 . _ % ol
B,= 7% = maam " T2c .30

Introducing these equations into eqs. (A.27) and (A.28) and making use of eqs.

(A.9) and (A.10), the result becomes:

Enf‘ "'2 Bz
25 ‘--C—.g [XN(,"'(OS(?&)t)) +Yyn an(?mt)] (A.32)
2
FM; =20 Ac_'gn [xu sin(2wt) + y, (I‘(os(ttut))} (A.33)
For_n23 2
~ AB,
Fax = Q7 Xn (A.34)
5 AR
Fvy=nQ "¢ un (A.35)
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Similarly, the forces in the plane of the southpoles become:

Enr_.n..'.z 2 ,
A
=2Q _{-_QL [Xs ( 1= cos(2at)) - Y Sc'n(Zwt)] (A.36)
2 o -
=2Q ACQL [- =X Sin2et) +yg (b tos(2ct) ] V)
For n23 ABz
§x="5—c""‘s " (A.38)
~ ABp
Eg’ nQ =g Ys (A.39)

For use in the stability and response calculation, these forces should be written
in a different form. Let the distance between the pole planes be Lp and let the
rotor displacement in the center between the two planes be x and y. Furthermore,
let the rotor have the slopes ©= ‘g and ?’ dz where 2 is the axial
coordinate. Then the diasplacements in the pole planes become:

x, =x+1lp6 U= Y+3L,0
(A.40)
Xg= x~$L,0  ys=y-3L, ¢
The forces and moments acting on the rotor become:
B = Fae | =Pty (A.41)
1;=%Lt_(F~x'st) ZLP( Ny So,

aibstitute eqs. (A.40) into. eqs. (A.32) to (A.39) and combine them according to
eq. (A.41) to get:

~

For n=2 - AB
Fo=2Q 'z-‘: [2x +6Ly cos2ut)+ QL sin(2ut) ] (A.42)
Fy= 20 Ac'!}': [29-#- oLosin(2t) -QL, cos(2est)] (A.43)
T.=2Q ch: [x Lpcos(2at) +yL, sin(2at)+iC0] (A.44)
T,=20Q ‘%B“ [xL, sin(2est) —y Lp os (2t) +3 15 9] (A.45)
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which can be written in matrix form:

Fer n2 ( Q. [x

£

Tg = 0,9 [Q(os(Z(ot) gsm(?mﬂ] Y

LY IR Y ‘P
Here:
For n=2 2

= A 13
Q=404 A
2 .
Q=Q A_cl?" LZP %Tfsfh

and Q and g are 4 by 4 matrices:

For nz=2 0o 0 -1 0
>3 AB ¢ 0 0 0 1
Q"' Q—EJ'Lr -l 0 0 0 Lbs
0o I 0 0
0 0 0 |
= AB: 0 0 1 0
q_:ZQ —C-’-L' 01 0 0 Lbs
I 0 0 O

In this form the results can be used directly in the stability and response
calculations. When there are more than four poles (i.e. h23 ) the forces are not
time dependent and, hence, a stability or response calculation of the type under
investigation does not apply. However, there will still be negative lateral

and moment stiffnesses which must be taken into account when performing the

more conventional rotor unbalance response calculation.

These spring coefficients are:

For n2 2
~ [
Q=200 4% %
i1, 5 ABL iz b
QO' znQ C Lr rad":cn
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APPENDIX 1II:Magnetic Forces of a 'Heteropolat Inductor Genmerator Operating
with No Load

A cross-gection of aheteropolar generator is shown schematically in Fig. 2.

It 18 a brushless generator with a field coil for each pole such that a pole

receives its flux from two field coils. Each pole has two faces which are

provided with teeth. The rotor likewise has teeth. Schematically, with 2 north

poles and 2 south poles the magnetic circuit can be showu as:

Figure 7: Schematic Diagram Showing the Magnetic

Circuit of a Heteropolar Generator

Here, p, is the flux generated by field coil No. 1, (Pz is the flux generated
by field coil No. 2, and so on. (P, and (Pz combine and make up the flux,
(P,w passing through the first north pole, and this flux returns from the
rotor to the stator through the south poles as part of %4 and q)sz .

Similarly, % and CP{ combine to the flux ?NZ passing through the second

north pole, and so on.

The reluctances of the airgaps at the poles are a?m ’ RS! ’ RNz and

(Rsz . The mmf's across these airgaps are JM' 33-1 ,3‘,,2 and 3’,, , respectively,
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Since the sum of all nnf’l around uny closed circuit has to equal zero, Fig. 7
shows that:

3,,,+3,‘=3,,+3~2=5~z+3,2~.-%2+3m=3‘  (B.D)

ffoﬁ which: e v
I = }nz =3,

¥ = 52 =33

In general, the generator has n north poles and n south poles, in which case:

I+k=% (8.2)

Hurz hpz = - - =;Nn=3N} -
HrE= (3.3)
By =¥y~ -~ - =F=% )
The flux across the pole airgaps then becomes:
P =P %}
(’31 Qt@ = , Rsf (B.4)
SO zfz
(P *Pntq, = i”

The total flux, ? R is given by: "

¢= E @
Thus, from eq. (B.4):

.

4. _—— __ [ i ]
o= (7 + M—» + 3503, = (R +“n+ R

Ry 5 R (B.6)
Then:

(a7)

Nl
u

D

S
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which by means of eq. (B.3) yields: -
=3 +K=(Ry+R)Q ‘ (B.8)

or:
3, = g 3
N n T &s /4
3= g 3

Ryt Rs *
To determine the reluctances, consider the airgaps at a pole:

. Field
Field g <+ Stator t;?l

Coil

g

—l " e —
A~ Rotor L

Figure 8: Pole Airgaps At Time t=0

Let there be h, rotor teeth in total. Then a rotor tooth or a stator tooth

extends over an angle %I' . Thus, if the angle )r measured from the center~
r

line of the pole, is fixed in the stator, the position of the centers of the
stator teeth are:
| I __ T
Y, =13 17, ==, 4Nz, (B.10)
when there are 2na gtator teeth per pole. Note:

h, =2n (2ng+1)  (B.11)

Introduce an x-axis which passes between the last south pole (number n) and
the first north pole. Measured from this axis the centerline of the k'th
pole is located at:

I+ k-0 k=1,2,-~-,2n (3.12)

Thus, the j'th stator tooth at the k'th pole is located an angle: g,‘*!,r(k'”-’-b
from the x-axis. Assume the rotor to be eccentric such that the

center of the rotor is a distance CE€ from the stator center, and the angle &
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is the angle between the x-axis and the direction of eccentricity. Hence:

x= Cecosa
(8.13)
ys= Cesing

vhere C is ‘the radial clearance for the concentric rotor and € is the eccentricity

" vatio. Thus, the airgap h"l at the j'th stator tooth for the k'th pole becomes:

C[l'E(os (g(k-l)"‘zﬂ.:"'h-d)] (B.14)

Next, let figure 8 apply to the time t=0, When the angular speed of the rotor
is W, the flux atea of a stator tooth becomes:

A, = 1 A (1% cos(n,wt) = 3 A (12 cos(vt) (.15)

Electrical Fregucnc, R VES () (B.16)

where the plus sign applies to the teeth where XJ is positive, and the minus sign
where 3', is negative. AT is the actual area of a stator tooth.

‘From eqs. (B.14) and (B.15) the reluctance @,9 of the airgap at the j'th stator

tooth of the k'th pole can be expressed as:

5?: hy = #AT(H(os(vt) [l+ecos( (k-1)+ 2"*71 d)] (8.17)

J

since €4<|., Let the total reluctance for positive ¥ be &‘k and for negative )/
be @“ . Then:

LogiL) - pl 3

Rax =Z Qx)ho-)‘gft,, (H(os(vt) HE(OS( (k")+2"+(4l")2hr~°‘)]

b (I costot) [n,+€(Gcos(-E(k-l)+z{-d)-Hsin(H(k-l)Jrg-d))] (B.18)

fln:,z.(é,)ﬁ %%Il(l costot)) [ 1 +€cos (2 (k"f)‘*z.. (4y- I)Zn,."d)]
%%t(l cos(vt)) [ g+ (G cos (Blh-i)+ & -a) + Hsin(Tle-)+ & ~¢))] (8.19)
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wvhere:
) g I e S ,‘ : |
G = 2 <os{4)-1)n, SR ' '(8.20)
i i
H e in (4)-1) 2m, a S (B2
The total reluctance, @k , of the airgaps at the k'th pole is then: L

&: i-'+ &t = /'-"EA’ [ne+€G cos(Tlk-1+3-o) =€ Heostvt) sin(Ele-1+Z 'o()] (B.22)

The first north pole 1is at k=l , the second at k=3 , and the last at ks2a-l

Thus, substitution of eq. (B.22) into eq. (B.6) yields: : et
| ) o
N ka3 .
where the following relationships have been employed:
n 1 for n=l :
T - .
2 cos(T(k-n) = Zcos(k zﬁ) = . (B.24)
ke1,3,--(2n-1) o 0 for n22 :
T L |
2 sin(Te-m) = Zsin(k &) = ¢ (B.25)
k31,3, - (1) k=1 .

and the case of n=1 has been ignored ag being of no interest. The first south
pole is at k=2, the second at k=4 and the last at k=2n. Then, from eq. (B.22)
and (B.6):

| -
2= Lg= #A’nn, \ (B.26)

as *,2'4’__3'! C

Therefore, «5= WN and eq. (B.9) yields:

H
]
B anl
]
Nl
&

{3.27)
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Having established the maf across the pole airgaps, the flux deasity Bg, at
the §'th stator tooth of the k'th pole becomes:

ahns A2 salmeferdg-al o
vhere:
B°= ﬁz.% (B.29)

B, 1s the average flux density. The force acting on the stator tooth has an
x-componant and a y-component which are determined by:

(R).,- cos(Flk-n+2 + )
=QA 8, (8.30)
(El)kj o Sfﬂ(f(k-f)*z{*b)
where, from eq. (B.28):
By = B[ 142 cos(Xte 354y, -a)]
C & B[ C+2xcos (I(k-l)*z,,-*l,)*?, sin(T (k- ”"z.,*h)] (8.31)

x and y are the rotor displacements from eq. (B.13). Substituting eq. (B.31) into
eq. (B.30) there will appear the following products:

co? (Bl +3+ ;) = 314 cos 2B+ +7,)]
sint(F 0+ B +3;) = 4 [1-cos 2=+ Fovy) | (.32)
cos(Tle-)+ B4y ) sia (Rle-+ Bapi) = dsin 280+ E+y)

Now, the total magnetic force components are given by:

g(F) Ei=§i(ﬁ,) (B.33)

Irﬂ Id] ks gz %
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The following relationships hold true:

n ? for n=l

¥ cos (Flk-n) = (8.34)
kst 0 for n22

n

Z sin (¥ (k-n) = 0 (5.35)

I1f these relztionships are used together with the similar ones of eqs. (B.24)
and (35.25), substitution of eq. (B.31) into (B.30) and summing accordiag to
eq. (B.33) yields:

- - - 2
=Q -A'Z-B‘: 4 +Cos(yt)+l-(os(vt)]2nn,x =Q ?—MBCALE‘X (B.36)

2nnAr B, B,
Q "C Y (B.37)

Fy

It 1s seen that the forces are purely static and are not Jependent on time. Thus,
the magnetic forces for a heteropolar generator with no load do not cause the

rotor to whirl. However, they do contribute a negative stiffness:
2
_ 7 &n B8,
Q=0 (B.38)

which must be taken into account {f the unbalance response of the rotor is
calculated or the hydrodynamic whirl instability 1is being checked. Of course,
if Q. exceeds the combined bearing stiffness, the rotor is statically

unstable.
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APPENDIX III:Magnetic Forces of a Two-Coil Lundell Generator

A two-coil Lundell generator is shown schematically in Figure 3, There are two
field coils in this generator, one on each side of the central plane which contains
the northpoles. The magnetic flux path goes from the northpoles of the rotor
(Fig. 3a) through the stator to the southpoles of the rotor (see Fig. 9), and
then through the cylindrical air gaps 8 and g3 (Fig. 3b), the gtaticnary pileces
on which the field coils are wound, the conical airgaps 8, and 8, and back to
the northpoles of the rotor. The magnetic circuit is shown diagrammatically

in Fig. 10. The reluctances of the airgaps 8y» By ié and g, are regpectively
represented by ?, ) 0?2 ) 0?3 and @4, . Each field winding produces an m.m.f.
of 3; Let there be n north poles and n south poles, and let ‘RN and RS be the
total reluctances of the airgaps of the north poles and the south poles, re~

spectively. From the magnetic circuit shown in Fig. 10 we have:

3= PR +R) 40 (R+&) c.>

6 (R+R,) = @ (Ry+ R,) N (c.23"

¢=¢,+6 O @n

o - - -
Ay ——
N 3

N

Ag—t—

.S Figure 9
: Expanded view of outer
sucface of rotor.

N
S
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Figure 10

Magnetic Circuit for a Two-Coil Lundell Generator

- 72 -

SN




e v -

x¥
Figure 11

Section "R~R" of Fig. 3b
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Figure 12
Section "C-C" of Fig. 3b
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Solving the sbove three equations for @ ,(Py and P, we cbtain:

TRy )+(ﬁa‘;+l)‘4’~+n,) . |
| . o .5
P E (B8] (FEE )R 6) ‘
¢= > .6)
c.
(B+R)(Gre +1]+(R28)

To calculate the reluctancs, lI, ,» of the airgap 8¢+ lat us consider the airgap as
infinitely many reluctances connected in parallel. Thus, referring to Figure 11,

we havae:

v 3
L
= f #—;;"—i’ «.n

0

4
k,

where:h =fila thickness of airgap g,= C,[H’ G,COS(B-d,)]

C e ¢ i e T — > ————

e
| &= C, (c.8)

Ll-nxial length of airgap 8

and C, are the eccentricity and the mean film thickness of airgap 81

! 1
r is the mean radius of the cylindrical airgap

Substituting eq. (C.8) into (C.7) and neglecting terms of the order C,l :

ul,r (7 2Mul
é, = c‘rg [1-¢cos(e-4,)] do = "’%“:
0

or: C
]
R, “L2fr (c.9)
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Similarly, the a:l.rup 33 hu thc n].ucuncu: _ L

«’-,uL,Zﬁr

and for tke confcal aZrgaps 8, and g,

«z;‘ pl2fF : ' .o (Ca

e o ey

where T = arithmetic mean radius. In general, bacause of manufacturing
tolerances:

(C.13)
C ¢,
Let ﬂm‘ be the reluctance of the airgap at the k'th north pole:
d?wkaffgnf:—zcas(om-mt-d)]‘ o (c.14)
Similarly,
C
& Py [1- ECos(es,ﬁmt-x)] (€.15)
where: - M(k ’) . .
[ = . e
E=Z (C.16)
= W (k-p+ I c
Now:
[ : - .MAN I . ] -
n . 7 [ 1+€ cos(wt-a)] fo: p=i
1yl - A = c
=1 '%'L ,‘Z"Uﬂ‘ffos(emwt-a)] Ay b na2 (€.17)
C
By the same procedure: .
1 "i(-_é’ U+£cos(wt+‘n'-¢)] bor n=l :
Rs | nats for n22 (C.18)

C
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From here on, we assume that the generator has at 1aut two pairs of pélu.
Thus for n 2 2:

b ,“"AN | (€.19)

€= ,u.nA‘

S0 far, we have obtained & , &, , ®, and ®; (Eqs. (C.9) to (C.12), and Ry
and R, (Bq. (C.19)). Hence for a given field m.m.f. 3,, ve can calculate ‘P., 9y
and f from Eqs. (C.4) to (C.6). The magnetic flux through the individual north

:
L SIS

and southpoles can be expressed by:

P = }%‘ (€.20)
P = }% ¢ (C.21)
Using eqs. (C.14) and (C.15), and for small € , we cbtain:
P = g [1+ € cos (6 +wt-u) ] h2? (c.22)
@5, = ‘E [’ +E ‘°5(95,"*0f-d)] 1 Y (C.23)
The x and y components of the magnetic force are:
R A,Z ‘Pm. ‘05(9m.““t) =2 Q) Z [i+ ?ffos(ﬁ.,ﬁd—.(ﬂcos(e,,, wt)  (c.26)
oy = (9) Z [142¢ coslo,, +wt-0] sin(gy, +wt) (c.25)
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Using the relationships:

" SR | ke nel ‘ SRR A LR
‘ Z tas(g(k-"'_)_) '~'{ . . . C e
0 for n22 . (C.26)
Z sin(Tle-n) =0 -
' for h=| .....
ZCOS (‘I{k-!)) { for ne?
0 for n23 - (C.27)

;s.-n(“.?’ (k-) =0

eq. (C.24) is readily reduced to

=~ "3 e
Fux = gw (S) é?z s (O, tet-a) cosloy, +ot)
] 2
TAQ,, (%) 2 {“s(?oun'*ZQt-d)’l‘(oSd}
AQN ( )e {Z, [ (osat +((a$d-(o$(?ﬁt)+$ihe( sin(2at)) cos(Zo,,,‘)}‘
Thus, f
5 |
§~ '\(g) 2¢ [co5o((l+(os(?mt)) + sinws:‘n(?at)] 6.—.,,;2,
Fux= i | o B (c.29)
| nfw '('ff)ecosa for n23 |
Similarly, g . | a
F = { Ay (f) {3 [@Sd'fmébt)‘!' s:’nu(l-ws(?at))] for n=2
"1 n2 (2 esing for H¥3 o . @2
st - g (?)225 [‘CoSd(I-(os(?wf)Fthd;6[&:‘(2&)“)] for n=2 (c.30)
n,% (g)zscosd for n23
E, { ,% ( ?)’ze [~ cosu sin(2t) +sind (1+cos(Put)]  for n=2 (C.31)
n{ (%)’es;m ~ for n23
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Thus, it is seen that for generators with at least thres pairs of poles, the
magnetic forces due to the north and south poles are timse-independent, FYor n = 2,
the magnetic forces are functions of time as indicated by the above equations, if
Ay + Ag. If, hovever, A, = A; and (n=2), than the time-dependent parts of the
north and southpoles cancel with each other, and the resultant ( Elx + F,,, ,i and
( FH +F 5y ) are again time-independent.

If the displacements of the rotor center are x and y, it is seen from Fig. 12 and s0
on that:
X= ecosd = CE€ cosa

y= esind = C¢ Sind

Furthermors, introduce the flux densities:

g=—l-

N hAu

- s~ hAs

Then eqs. (C.28)to (C.31) can be written: : AN

2Q ‘E‘B” [x(l-rtos(?cot))ﬂ,sin(?bt)] for n=2

E =

N { ha Af'g'l ) 4 for n:3 (c.32)
22 —-§”[ x sin(2ut) 4y (1-ws(at)]  for n=2

FN‘]= QA_“_JH for n=3 (C.33)
zo—g—f[x(n ~cos(2at)) =y sin(2t)]  for n=2

Ry = Q AsE: for ned (C.34)

. ZQ M I-xsm(?at) +|j“+to$(?lot))] for n=2

= (C.35)
% nQ —C—B"j for n=3 |

These results are identicsl to the results obtained for the homepolar generator
in Appendix I where it is shown how they are used in the stability and the
response calculations.
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Magnetic Forces at Cylindrical Airgap ‘l

_ The total magnetic flux through the airgap g 1s ﬂ o (see Fig. 10) and the tbt:gl

reluctance is R. ; they ars respectively given by eqs. (C.4) and (C.9). If we
use the concept of permeance which 1s the inverse of reluctance, then:

| m 4
Pt = AL (. 36)
&K 4
For a differential element rde® , the permeance is:

ul, rde
I-¢,cos(8-,)]

dP = I (C.37)

Let the flux passing through rde be d(P, . Then, from the magnetic circuit:

a4 _ 6 _ _96
dP, = B T ul2mr

or

A, = |+ 81(05(8--(.) 9, do

T (C.38)
Let B‘ be the flux density:
de, 1+ & (o3 (8 ;)
= = C.39
B, L,rde L,2rr (c.39)
Thus, the x-component of the magnetic forces is:
- 3 3 - @1 ir
F:x ’-‘QI.B:COSO L,rde =Q L, r(2m Jo n‘* Z{g ("5(9”‘1)]("59 ds
2 2
L S S /i
= Q L amy 054 = @ F@Lc, X (C.40)
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Similarly, the y-component is:

. w ! @
. 80 =
F." -.-.-QI stmo'.,r'do =Q ,:'é%";smdn =Q emrl,C, “

vhere

Magnetic Forces at Conical Airgap 8,

The geometry of the conical airgap is shown in the diagram below.

Pigure 13: Geometry of Conical Airgap

g: 2-tand

dz .
for a small element ( 1 de ‘2;3' ), the permeance 1is:

JP = #M’ gdo dz/rosé'
¢ Cll-g cosle-dy)]
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The subscript "2" {s for airgap 8,- From the magnetic circuit, the flux through
L Y . 4
the small slement 1is ; SETE

d .

7%"‘%‘ - _— . (€.45)
vhere (fz = ?, (see Fig. 10)
and Pz = #z (use 2q. (C.11))

Thus
! E dz{ g
A = @ anr ,“Lz Z1Tr 4 [+ &,0o5(o-u,)]
B. = . d¢. - ‘P o
2 ‘r"(x dehs‘(’ < gde "z/(osd' - LzzﬂF ['+ f;('OS(B'dz)] (C.66)

The correaponding x-component: of the magnetic force becomes:

x5
k= QS S B, cose ¢de °= ms Cosd = Qr ﬂrg}j) [+2¢, coslo-o)] cose do ztand dz

= Q (,‘_—,9,5:) 2€, cosdl, 'l'and'fzdz (C.47)
But: tand 'zdz = (tand) 4 (2,42,)(2,-2,) =(tand) $(z,42,) L, cosd = FL, 036
fre. Fy=@ Zz'%z;' & Cosd cosety = Q 2‘2;.;';%2 X, (c.48
Similarly,
; 59=§L 24:'_ 5,005 sind, = 02:}{?({ b (C.49)
where:

Xz = 2 €z (05*1

Y = (3 €, Sind, _ . (€.50)

For gap "3" and gap "4", we have by the same procedure,
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B=d T Gase, =0 si:-{’:?,xx ey
l-;,:é' L—ég— £ 5indy= @ Z—’."_‘El'é;% (c.52)

=@ Eg;;- 058 €, cosel,, = 55'%%:% Xy (C.53)
4,- [—g,’—(osd € sindg=Q E?;.ff’—c-“q (C.54)

Thus, the forces Ph» to Féy can be represented by simple negative springs ia
the rotor response and rotor stability calculations.
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APPENDIX IV: FIELD DUR TO ARMATURE REACTION OF A THREE-PPFASE WINDING cortn

In this appendix the magnetic field produced by the armature reiction will be
studied. Consider Fig. 14 wherethe poles of the rotor move to the right: . :

Qt ﬁmg f=0 S A\l S
e ) . B L N o
—;:><=gab S L ¢ S : S
pp it
n
Stator u:ﬂvcunamt
direction gt
armatureg t=0.
reactioa ) m——
at t<0 e total armaturc nwnf,?ﬁ
4 /phase < plmscs
i il e e R T S St
: 8
___ : ;

Figure l4: Armature Current Directions and Instantaneous mmf at t = o
This figure shows the rotor~stator position, the armature current directions and

the insfantaneous armature mnf at time t=0. The convention for current directioms
are; @ means "into the paper" and ® means "out of the paper". To & vive at
Figure D,1, assume that the airgaps at all the poles are the same. With 2n

poles (n north poles and n south poles), the pole spacing becomes I ~ whereby

n
the flux passing through the armature coils is:

for coil "a" (Pq= i?clnwt (D.1)
for coil "p" ¢ =19 gilret=) (D.2)
for coil "c" ¢ = ('lpe‘(""*“f" (D.3)
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wvhere:

R

and all the q's are complex numbers. The cenvention is that only the real
part applies. To illustrate, assume that the flux‘ ? is gens=rated solely by -
the field coils. Then () is real (i.e. there is mo phase shift between the
rotor motion and the flux) and eqs. (D.1l)to (D.3) can be written as:

0a= Re[ (@™} = @ Refi(wstut)tisinbat)] ==¢ sinmast), .
Q= kcfi?’c“""'t'?)} ‘4::'°¢P sin(nwt- ) (0-4)
9 = &{i?c“""’t"ﬂ} = ~@sin (nmt*%')

Under load ? will lag the rotor motion as discussed later in which case a

ohase angle is introduced in eqs. (D.4).

Lat each armsture coil have N, turns. The the induced voltage is

A
for_coit "a" &= —N, %%‘ = hwN, @ (D.5)
for_coil "b" e, = hwN, ¢ et (0.6)
for coil "c* g.= hwlNp @ e“'? (0.7)

where the exponential e:"m“t has been left out for simplification. This will
also be done in the following but it must always be recalled that properly
this factor belongs ir the equations.

The correspond {ng armature currents are:

. . N
for coll *a” o™ ‘%" = —M; @ (D.8)
A A
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and similarly for the other two coils, where 2} is the impedence of the output

circuit, Setting t=0 in the above equations and using the right hand rule, '

the current directions in the armature conductors coms out as shoxn in

Figure 14. The corresponding mmf of the armature coils (the armature reaction)
is found as: - . S

Sor ol "a e N s el
) Mat 'm».f."=NA l‘z "‘;A ? | | (D.9)

and similarly for coils "b" and "c". Hence, at time t=0 the armature mmf's
are distributed around the circumference of the stator as a function of the
angular coordinate ® as shown in Figure 14« If they be represented by their
fundamental harmonics instead of the "rectangular waves" shown in Figure 14,
the mmf's of the three phases becone:

for phase 'y : %= 15,'. mméE, - Cos (ne) (D.10)
for_phase "b" 3= % mmé; cos(no = ?) A (D;u)ﬁ
Lor phase "¢ 3c=é mm#; Cos(ne = 4F) B (D.12)

4

. 5
where the factor ¥ derives frem taking the firat harmonic of 2 rectaagular
wave, Here the origin for the angle © is between two poles at t=0 as shown
in Figure 14.

To find the total armature mmf, 3; , the mmf's of the three phases must be added:

¥ 3 . ° .
EAERE RF ':' "';—:" (P{Cﬁ(he)-*e"?(os(ne- IETN ?cos (no = “3')}:"""t

T . (D.13)

3 3
-4 ne Na .3 it inwt _ & nwNy o (nlwt-o)
T2, ¢z [Cos(ne) uSun(ne)]c Z, Qe :
This represents a wave travelling synchronous with the rotor.
Let the load be balanced and let the effective value or ammeter value of the

-85 =
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mt psr phuse be IA . Then, from eq. (D.8): ST e

L*w “" % 1zl @)

8imilarly, let the effective value or voltmeter value of the line voltage per
phase be !‘ so that from eq. (D.5):

‘ . .
Ef% = -"—%—N" l9l . (0.15)

Introduce the powsr factor angle Y :

&2, {2

power factor = cosY = 12, | SinW = A (D.16)
wvhich means:
i'; = l-JZ:‘ ( Cos'y-isin‘y)= ‘-;‘_,-J e"y (D.17)

The physical interpretation of the power factor angle lycan be obtained by
substituting eq. (D.17) into eq. (D.8):

. =)

- em—— = _£S_ °‘V
la 2 A e (D.18)

or, in other wotdl,‘v gives the phace angle by which the arwsature current lags
the voltage.

Next, introduce the power angle ' by the equations:

0sé = 5,-‘7;-'“— Sind = :lﬁ;-'ﬂ (D.19)
or: .
(P=l¢l'((055—isin¢f) = ’W 4 (p.20)
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Hence, § gives the angle by which zhe flux lags the rotor rotatiom. It is . .
called the power nngli since it is the angle the rotor must pull shead of .ths .
resultant magnetic field to supply the required load. The azgle can be messurad
actually on the generator by means of a stroboscops., If the physicai angle

1s measured as ¢' , thenm: '

d=nd’ o T ey

since the electrical frequency is n times greater than the mechanical rotational
frequency.

In order to understand the relationship between the armature mmf and the airgap
flux ? , 1t is useful to consider the phasor diagram of the alternator where
sach of the above quantities are taken as vecturs rotating with the angular speed
(n® ). Comparing eqs, (D.1l) and (D.5) it is seen that the line voltage lags
the flux ¢ by 90 degrees. The total mmf, 3 , required to produce this flux is,
of course, in phase with the flux. The armature reaction, 3& s is in phase

with the armature current (eq. (D.9)) which, as discussced above, lags the

line voltage by the power factor angle Y/:

le

Figure 15: Phasor Diagram
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The totsal maf, 3 » 1s the vector sum of the mu-z.i, , and the armaturs
reaction: ' ¢ -

Thus, to offset J, and meet the required total smf, the field mmf, ¥ , must
lead the flux ? . The lead angle is the power angle § as discussed above.

To exprese the armature reaction 3~ , substitute eqs. (D.17) and (D.20) into
.q. (D.13): '

, " -
N l_’%l pi(nlato)-y-0) (0.23)

A= # nw
or by introducing the effective value of the armature current, IA » from
eq. (D.14):

G .
i é,,-i' Na I cos(n(wt-6)-y-6) (D.24)

In practice, windings are fractionally pitched and distributed to provide better
design (efficiency, wave form and winding configuration). This produces a
spatial phase angle between the conductors of s given coil (or winding) so

that the mmf per phase is reduced slightly from the value it would have for a
concentrated, full pitch winding. Hence, eq. (D.24) is modified to:

G
3= éﬂ___z Ky K, Np T, cos(n(wt-o)-¥ -4) (D.25)
vhere
Ky = distribution factor (K, £1) (D.26)
K, = pitch factor (K, <) (p.27)
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s K‘ 34  for a ¢mcentrated winding and may be taken as 'Qg 0.% for s

distributed winding. Kp={ for a full pitch ':I.ndins and k, 0,‘5 for a 5/6
pitech winding, R .o . : . e IR T A

oL ! S~ . . . A . , ' MR B g 2
The armature reaction can be decomposed into a de-magnetising component 3’“ in
1ine with the field mmf, 3;. , and a cross-magnetiszing component 3" lagging
33 by 90 degrees. From eq. (D.25):

E X %K,k,NA I,[cos(‘hé)(os(n(wt-o))ﬂm(W)sm(n(wtce))] = hytdy .29

L.

37 6-.,5-'-- Ke Ky Nu 1y cos (Y+8)- cos (nlwt-e)) (0.29)

E W ‘—f,- Ky Ky Np Iy sin(y+6)-sin (n(ewt-o) (D.30)
or:

[3g] = 3, cos(y+8)= %‘Z_K‘ Ko Ny T Cos (Y 6) ®.31)

13,0 = 3 5in(4+8) =88 K, I, N, T, sin () (.32

as readily seen from the phasor diagram in Figure D.2.

With these results, the circumferential distribution of mmf can be shown
schematically as (see also Figure 14):
l Rotor |y = |
s In is
Time_t=o ' | '

o | [

Figure 16: Circumferential mmf Distribution
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 fhe total f1a1d saf is distributed evenly scng tbe polss such that the field
‘r . coatributss § J¢ to each pols airgsp (see Appendiz 3). This fisld follows
‘ the rotor in ite rotation. Thus, if instesd as in the foregoing where the arm-

; sture reaction has been expressed as a function of the stationary coordinate @ ,

3: 1is instesad "seen" from the rotor, the sugular cooruuut - fized in the

i rotor becomes (ses Figure 16 ): : - : . '

I ’ ot

| Y*a = e-ut : (0.33)

| such that eqs. (D.29) and (D.30) yield: ) B
| 3“ '9“, sin(ny) (D.34) :
|

; }A‘ - ,;A‘, (O‘{h‘) V - (D.3%) n ‘

: where l?MI and I;M’ are given by eqs. (D.31) and (D.32). It is seen
| that the de-magnetizing ccmponent, as the nase implies, opposss the field
smf except for the unlikely case whare (1}»6) <0.
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APPENDIX y: Magnetic Forces of a Homopolar Generator - Modificutions dus to
Genarator Load

In Appendix 1 the magnetic forces of a homopolar ;cnc'utor operating under no
load have been derived. In this appendix the effect of load will be investigated.

In Appendix IV it is shown that the omf across the airgap at any pols is made uwp
of three components: 2! 3“ ‘ ( 34 is the mmf of the single field coil), the
de-magnetizing component 3“ and the cross-magnetizing component 3“ ,

vhere the latter two components make up the armature reaction (see Figure 16
Appendix 1V). Thus, with the angular coordinate r fixed in the rotor

and measured frcm a pole centerline, the airgap mmf at the north poles and at the
southpoles can be written:

3y= F =13 [1-f,costmp) = £y sinly)] @y
vhere:

= g:d‘ = ‘:2:‘ %E K Ky No Iy sin(¥24) (E.2)

b= '?::;L ” ‘3%;%‘:,1 Ky 16 Ny Ty cos(p+6) (8.3)

(see eqs. (D.31) and (D.32), and eqs. (D.34) and (D.35)].

Consider first the north poles. There are n northpoles and the airgap it the
k'th pole becomes: -

k=l2,0=n hy = cli-¢ (os,(wf-d*'z,;'(k-l}*a)] (E.4)

where & 1is the angular speed, C the radial clearance, A 1s the attitude angle
and € 1is the eccentricity ratio. The equation is derived in Appendix I,
eg. (A.11), the only difference being the incluslon of the angle y ¢t take

into account the variation in airgap along the pole face. The rotor displacement
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. in the plane of the northpoles are:
X,y = Cecosa

Yy = Cesina

The flux density B,«il given by:

- #}_! = B ["’ﬁ (os('o))“‘jin(nﬂ]

'Bh- b T [l-t-Cos(a;hu%'(&:n)] (8.6)

wvhere:

5.""#'2“ . (B.)

B, represents the average flux density 17 there is no generator lozd (see eq. (A.31),

Appendix 1),

When the pole leugth is ! , the radius of the pole face: is r, and the pole extends
over an angle [S , the radial force pulling on the rotor at the k'th pole becomes:

§
radial force = erg 5:.‘ d' (e.8)

where Q is a numerical conversion factor. The correaponding x and y c'omponents

of the force are:

( cos (wt + Flk-1) +3)
g d . (B.9)

_ =Qre
| ‘*~s - _
Since the ecceantricity ratio €4<) . B:k can be found from eqs. (E.6) and
(E.5) as:

-8 sinlwt+ z;.l'.(k-l)*})

2
B = _C'P [’-ﬁ(os(h)) -4, s.n(na)] [ '*’2’%‘0‘(‘““ Sl ”’?)*2%“"(“’11'("*”)] (E.10)
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vhere: S e O R C ":fZ’J’-’i‘-':"*f
fl‘f‘tosfn))‘ﬁ‘s-n{na)] * g, +;: =, costrg)-2%, s..(.,nf f,’)w(a,mg ) "‘”’9’ .:-G w ;'

For l#nplification,‘netz 'if;. 455
m=tt 2 (k1) J

| ¥

Then, by substitvtion of eq (E.10) 1nto eq. (! 9): E
(F;,,)k Kt 8 [as(w)+x~(lms2(7+‘))*9,,5m2(47)] ' ;
o] C j [l’ﬁcos(nﬂ-ﬁﬁn(n‘l] \ » dy Ce. 12) '

(Fm)g -f 2 [sh(qq)-rx,, SinZ{ﬁ)q,,(l-(os?(m))] &

The total forces acting on the rotor in the plane of the north poles are:

Z(F)

(B.13)
i (%, -
k=\
As skovm in Appendix I:
ZCos(k M = Z. sinlk¥) = Zs nlk 'ﬁ) = (E.14)
k=
2 Z fOr n=2
2 cos(kR) = { (E.15)
"2;‘ s C for n¥3
Hence:
2 Cosm = 2 Sinm =0 (E.16)
k=) k= .
2(‘05(26)” for n=2
ZC05 4’ for h23 (B.17)
ks
2sin(20t)  for n=2
g sintn = { for n23 (E.18)
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Therefors, for n=2 eq. (E.12) -aj be suumed to give:

I3

[ A I I (ot 2oy st st 2y silid-g eludlendy
=q 3%!!‘ [ F{M‘H,sin(n;)r{ _ . (2.15)
Fy L N #2 Sindit - o2t} oy 42 it 4 sindlsinly

Substituting from eq. (E.11), the following intograls can be evaluated:

Iozf :ﬂ—ﬁ(as(a‘)-f,sin(nl)rd, = (1464 {;’?)P +4 (6% ,'!)s.'n(nﬂ)-% £sin(*f) (E.20)

I, =[:II~£,MQJ)'°€ SinQ‘)ﬁas?a JJ (144 f:*i f,’)sin,## (f:-f;;( fsiﬁ#si-p‘ﬂ ( F*fsin?p) (.21)

&
| K ‘[ l~§¢me,)-ﬁ,s;n(2,)]zsin2,4, = (p-15in2p)+ 144, ($5in3s-sin) (E.22)

In total, eq. (E.19) then becomes:

for n=2
- Bir! |
Ry =20 -'é'; [{Io+1‘m(2a)+rgsin(2wﬂ)x~+(~Iz(os(?wf)+l',sin(?aﬂ)y~] (E.23)
=~ Bord
Fm,’ 2Q ra [(—I,ml?at)+I,s;n(24,t))x,,+(I,- I,ns(?mt)-l,s.'n(Zut))q“] (E.24)
for n=3 Bz
FNx= "Q -%'i onN (E.25)
~ B!
Fm, =nQ -‘é— Lyn (E.26)
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In the case where the angular extensicd ’3 of the pole is sufficiently small that
Sin ‘5?(5 and sm(»/s) nf eqs. (8.20) to (E.22) reduce to:

MM Io I lg(}-

(x.27)
I,=0
vhereby eqs. (E.23) to (E.26) become:
for nw=2
2 .
Fox = 2Q %A( Q)‘ [x,,(l+(os(2ut))+9~ sin(Za.t)] (%.28)
BIA
FN,, t (I- f) [x,,sm(?et)+9~(l-tos(2a.t)] (2.29)
for n23
F.=nQ zA(H’)x |
Nx T c ‘T’ X . (E. 30)
. 2
F~,= nQ B—EA (:-rj) Un (E.31)

where Al-lrp is the pole area. These equations are the same as for the no-
load case investigated in Appendix I except for the factor (l-f‘)z « In

Appendix I is also given the information on preparing the corresponding input for
the rotor stability and the rotor response programs.

Comparing eqs. (E.28) to (E.31) with eqs. (A.32) to (A.35) in Appendix I, it is

seen that the armature reaction reduces the magnetic forces but has no other effect.
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APPENDIX VInupntic Forces of a Heteropoclar Inductor Cenerator -~ Modifications

Dus to (‘enerator Load , - . S ‘ o

In Appendix II,the magnetic forces of & heteropolar generator huve besn derived
for the case of no load on the generator. 1In the case where the generator is
loaded, there will be an armature reaction in form of a reverse flux set up

by the current in the armature coils. This reverse flux modifies the flux due
to the field coils mﬂ, hence, modifies the magnetic forces.

The generator is shown schematically in Fig. 2. Consider first the k'th pole of

the generator:
‘ ~”“r.w el

Feld ol ¢~‘ -S.gmt ﬂ‘

i LA
Na turns y . \N. turng
N -] IF\
W —— Rotor

Figure 17: Windings of the k'th Pole of the Generator
The coil has two windings per pole as shown. The flux generated by the field
coils passes the pole through the two windings such that the flux through one
winding is ﬂ. and the other winding ﬂ,, . If there are n, rotor teeth in total,

then the two flux components become:

Flux
24 ak
é
0 %[' o Angle oltut.‘on,mt
o = O [1+ costot] o (F.1)
Qe = @ [1-cosvt)] o (F.2)
v = ""w (Fo3)
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Thus the electric frequency ef the single phase odtput voltage uv:u,co.

.
MRS 13!

Let the generator be connected to an output circuit with hp.dmcozA. LR

I

With n north poles and n south poles the circuit diagram is then:

P

for %4- Z

The current produced in the circuit is i, which is deternined from:

2
ZA':A+NA,2[J]%.-%%.] =0

where NA is the number of turns of one winding of an armature coil,

.o

| P‘.‘)

The reluctances of the airgaps at the k'th pole are Q“ and f“ respectively.

They are given by (ses Appendix II):

é« = (l+cos(vﬂ)[P+€(G,-H,,)]

&Lu = (1-cos6t) [P+£ (6, +H)]

where:

p= AfT
2C
ng
6= A2 (B k-0 +Z-4) Z slt0i)

e~ A2 o)+ 3 -0) 25 () )

o (F.S)

o (r.é)

(r.7)

(r.8)

(F.9)

vhere A.r is the area of a stator tootk, I“ is the permeability of air, C is the

radial airgap, n is the number of north poles (= number of south poles),
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€ - 1s the ecccutric:l.ty tatio of thn zotor with ruput ‘to the -utot md E
4s the eorrnpondiu attitude angle. m:hcmoro, there m 2n, outot toath

m pol.. "4‘.' ' ! d T . v e . » h‘ ‘u“:‘('t“‘l‘, :;;-v) o

AT SRR

When the maf across the airgap is £, :hc flux for the two sections of the k'th

pole becomas: | oz e
Gu=% s(l+m(vt))[?+£(6.-H.)?£ IR gi.im
lp“- £ = (i-costvt))] P+£(G,,+H.)]F - ay

vhcreby- |

(:‘:%’ d;&') 2 Z[(P+£G.)m6't) €H ]f} | 1

The following identitiel ‘0ld true:

Z cos(Xk) =0
(F.13)

ffsh:(!k)::o

Xz

from which follows:

LY Ll

26 =2ZH-=0 (7.14)
[ 7] ks

2 '
E("%ﬁ - %) =4nP d!f“(as(vt)) (F.15)

The mmf across a winding of sn. armature coil is N, i, which can be found from

AA
eq. (F.4) by substitution from eq. (F.15):

4
M=~ %4»"4{ (Frastot) (¥.16)
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Since this mmf is independent of rotor eccentricity, the mmf across all poles:

will be the 3ame and equal to f 3‘ per pole where % is the maf of a field coil
(see Appendix 11). Thus, the mmf across the k’th pole can be axpressed in tezns
of its componeats: Stator ‘

i3

Fi 18
The ﬁ:‘g';etic Circuit
for the k'th pole

. " > ~1
i}‘ = NA‘A + Q‘k?ﬁk - NA lA+ @5,‘ Q“ =N“'A+ ‘ = "-4"?—1}‘41‘({(‘“)(F.17)

Consider next the k'th field coil, located between the (k-1)'th and the‘k'th
pole. The coil has Nf turns with a flux ﬂ pass’ng through it. The field
coil circuit has an impressed d.c. voltage Ef, an impedance Z‘- and a
current if. Hence, the equation for the field coil 1is:

;o 4 |
from which the mmf of the field coil becomes:
2

N~ _ N d
3‘::N‘(‘“-R-:E; z’ ;% (F.19)

where R{ i8 the resistance of the field coil circuit,

The total flux through the k'th pole is ( (PM + (fu ). Since the flux

(Ph from each field coil passes through two poles, a summation over all field
colls and all poles yields:

¢ ’é-:"fk =4 é(‘fu*%) (F.20)

Hence, surming eq. (F.19) from k=1 to k=2n, the result becomes:

2.0 Neo _Ng & 44
2n¥ =2n R;‘:‘ Z; oy At (F.21)
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Substitute for ?‘. and %. from eqs. (7.10) and (F.11): e 2

Pur + e < [2(Po€6,) =26 H, cstut)] Lo i

or making use of eq. (r.14): | F

2 . ‘ F

3 (fu*B.) = 4n P¥ | (r.23) |

ke &

whersby eq. (F.22) becomas: : #

] g

Ny -

% g’: Es =P Z, dt (F.24) F

Equate aqs. (¥.17) and (F.24) to get: . 3

| N} ¢f N :
| % #: E, =P '!': j; «2f-dnP g, ig(fm(vt)) (7.25) i %
wvhich is a first order, ordinary differentisl wquation in the variable £, I¢ f_ E

4 l, and ZA ate pure resistances, this equation has a closed form solution which, '
however, is not to convenient for the present purposes anyvay. Inatead, f shall : .
f be sxpressed as a Yourier series: ‘ E ‘
; - ' ;
=
! frd, [ ""'.Z:' (%,., Ccstm¥) = sin(m¥) | (r.26) B
; i
! vheze:
Yot ,. » (r.27) §

: Hence! - | - 4
| £ costvt) = feos(Y) = £, Im'li-l't E‘[ f“((“(..u)pwslm-j)w-&.(&h{h#)%a’nbn-l)y)]]
(7.28) 1
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Set: ' ’ » Ty

,‘ 'E'm ‘°5""W"fsm Sn‘n(m'?") N f,,. ef’"v \f :

Y o

vhere: o o

fo= ot ifom | o TR ¢ X
{= VT e

and it is understood that only the real part applies. Hance:

£= ﬁ,[HE‘ he'?] L @a
£ cos(wt)= f,le“’ +2 5 ( gl nIY 4 gilmil¥) ] : (F.32)
[ Y1)

Next, consider the impedances ZA and 2} :
I

L= = .
Z, Rh*i("‘\'LA-nﬁ‘y Tan , (F.33)
]

n

L I -
Z; T Retilmile- Le) =Y;

» (P.34)

where R is electrical resistance, C 1s capacitance and L is inductance (L does
not include the field coils or the armature coils). Actually, the circuits may
have more than one resonance but they can still be represerted by frequency
dependent impedances. Thus:

dfF_ ., 5 :
%‘ at = lyfo "Zﬂm‘f“ Fm c”"“r ‘ (F.35)

%A 5* (fusy) = iv4, {Ymcih%..{{" [6.-!)){}_4:“’"’"-» () 1&’.‘"(“"*0’!]} (F.36)

Substiiuting eqs. (F.31), (F.35) and {(¥.36) into eq., (F.25) and collecting
terns according to powers of e‘“r , an infinite set of simultaneous equations

are obtained:
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. S ,v'i : o | | ,r‘y;"[,r,‘;‘;:i&,: y "
.D.ﬂ. f » ZNCR‘E‘ R ('.37)
Coag TR B SE R - el e IUATE Dk athoat ooflos
e il oAt

sl [sz“ PN TH-i4vY, nPN,: mY PN:.‘E_‘;;-.;:; S

2'2 —chv):,.nPN‘F +[2ﬂmY¢_PN'](., anK,,,nPN’ ‘..,, h.‘-‘(r.aksl)

Define: )
X, =2+imv Vo P N/ (7.49)
M = (4mv i, n PN, - o (7.42)

As m~soo ith;,,, becomes t and imv‘;h becomes tA (see eqs.
(F.33) and (F.34)), i.e,:

X, —» 2+ ?ﬂ;

4n PN, | (F.42)
LA .

Substituting eqs. (F.40) and (F.41) into eq. (F.39):

A=+

M e2 "Ah f,,._, + x“' (h. - A.‘ ‘h+l =0 (,a As)

Assume, that eq. (F.42) reduces ¢to identities for all m2M | aid add all the
corresponding eqs. (F.43) for m2 M to get:

(x" = ZA");L:"'FH = A"q { (xM-‘ H) M- . (F- ‘4)

from which it is concluded, that gince the sum En f,,. which contains infinite
many terms, has a finite value, each term ﬂ.. must be small., This is, of
course, an inadequate proof from a mathematical point of view but is is

sufficient from a physical point of view. Thus, all higher hermonics of f may be
ignored but before solving for f, the magnetic forces acting on the rotor will
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be dexived. B
' ¥

Tha’ hﬁn@tic forces are F and P « They have been dctcminc& in Apptnda II “
for the case of no load vhcrc thc mmf across the utgapl at thc polu 1s equd. ;
to {; ( 30 N‘E‘) In the ptesent cane of & loaded pmutor this omf is ‘equal
to £. Thus, -Lbntituting f for f3¢ in eqs. (B,.36) and (3,37 ) of Appendix

1I,the magnetic forces bacome: Per

£ =3 chs;ﬂut' Fx . (7.45)
- t o
F=a —ZMC’,AH“— 'y | o (R.46)

The flux density Bo in the case of the unloaded generator is:

B,= #é-% = ANE - (4D

2C R c
whereby eqs. (F.45) and (PF.46) can be written:

IR |
F =@ z‘""’(’_dﬂ” (}9 X \ (.48)

— 2pm A B B
R=0 Bt (%)2 1 (7.49) A

Here, '{ is given by eq. (F.26): ' : %

1+ Z (£ 05 6mt) = 4o Sinfop) (z.50)

from which:

(}f )“ 2 5‘ (ﬂ..cos(mv)-é.., Sinfm¥))+ z {(ﬁ,m(mw)-g,,s:n(mw g(“(s(lw-ﬁesm((w))} (F.51)




e ——— ———

Making use of the cugémnue 100:::11:1“; | e
. cca(mv) cos(ly) = ’”(os(ml)?-’ ws{m- !)‘H A
os(my) sin(£y) = § [sin lme 1Y~ sin (m-2) V] S |
sin{mV) s (1Y) = § [sin [+ DY+ Sin (m-21 V]
sin(m¥) sin(8h) = 4 [cos{m- ¥ -tas m+ )V ]

eq. (F.51) Lan also be written:

(£Y=1+2 Z (fotostm¥) =%, sininl)) + Z Z { ke [ms(-d)?msbﬂ)v]
~f b [m(molf-(osfm vl-L.£, [sm(mmsm(...nn f(..g,[smmw-s,a.-nw]}a 53)

Collect terms sin cos(my ) and sin(m¥ ) to get:
(=112 (0rl) + D280 £ (6 26 £, st
-[ZF,,-*Z((.., ot ™ c.“,)]s.nlr
+Z{Zf +Z(£em¢ fehnn )+iZ(“ A F,,_f)]ros(m.‘y)

‘[2{;.."'2( e Smee Sl k M(hf?ac su, et s¢ t»ﬂ]s‘”&"w} (.54)
Substitution of this equation into eqs. (F.48) and (F.49) results in the final

expressions for the magnetic forces.

Returning to the solution of eqs. (F.38) and (F.39), they define an infinite

set of simultaneous equations

(% N\ 0 0 o0 -=-==) (] (2]
4 <N 0 0 ---—[ |4 0
* 0 o S - 0 — === (3>=1 0 ¢ (F.55)
9 ek RE
1 1
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whers ¥pand M are complex nusbers definea by eqs. (.40) and (.41).

Por m32 these aquations are of the form given by eq. (F.43). Define &,

by the equation:
0= ey e ST (R.56)
and substitute into eq. (F.43) to get:

Mo by + (= 80 ) 4 =0

Comparing this equation with eq. (F.56) yields:

M -
dh-‘ = uh— dnxh (P.57)

=123 --
=

Assume that all {m for m >M _are so small that they can be ignored, {.s.

{Hﬂ ?‘[M-tz =--Tp , Then, from eq. (F.56): o
dn=0

With this as a starting condition, repeated use of eq. (F.57), starting with
wM makes it possible to calculate Gp-;,G8y.;,"~~,d,,d, « From the first
equation of eq. (55):

xnﬁ -An{z =),

one obtains:

13)
= —_—t -
{ y"-d'A, ’ 2d° (F°58)

after which eq. (F.56 can be used to obtain the results for the other f-values:

m=|2 --- fn=2606,:6 - - -+ Epe) (F.59)
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In the case where only the two first harmonics are important, the solurion of
eq. (55) can be found directly as: . . i

. A% i

2\,

fz = ‘a +{ ;33 = X.x,-k.x, - (r.61)

The same result can, of course, also be obtained by using the outlined
general method. Here, f, =f4= -~=-==0 , so that M=2 and 6,20 .
Then, from eq. (F.57):

b= o -A-'-
xo A X,
6= Hgh, =TI,

A
".: 28 = x:xz'xtxa

=24~ ,—,%ég;‘

which agrees with eqs. (F.60) and (F.61).

Hence, by truncating the equations at m=2, the result becomes:

;{ =] +( £, wstot) -4, sin(vt) + ( Fy cos(tvt)=F;, sin(2t)

From eq. (F.54) with ‘ 53 fq f4z----=01
(i)‘z I+3(f c1"'§4+{ "‘ 2)+ [Zﬁ'ﬁfaﬁn*"s, fi2] costo1)
—[26, 4, iy~ by Frp [sinO00) + [26, 4362 - 462 T cos(2vt)
=[26, 44, fs, Tsin () +[ 46~k £, ] cos(39) = [£,, £, 6, £, Isin(3>1)
+ 4185 F L cosldnt) =4, £ sin(4ot) (F.62)
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vhich then can be substiguted into eqs, (F.48) aﬁd (F.49) ‘to obtain the -
magnetic forces. TS PR S

The response and stability computer programs consider only one fraqueucy com-
ponent of the magnetic forces. Let this be the first harmonic so that the mag-
netic force frequency f2 is:

N=v=n.w (F.63) .

i.s.

2
o =h (F.64)

Writing the magnetic forces in the form given by eq. (A.46), Appendix I, it is
found that:

-2 :
Q,= @ "c B, l-|+'z‘(£:'+{:1+{.zz+{;z)] (.65)
Q=0 (F.66)
; i 0 0 0) .
= on oI 0 0
Q:—Q —%&L(Z{ﬂ"ﬂﬁczﬂgf{&) 60 0 0 3 (P.67)
0 0 0 0]
I 0 0 0
- z,,m&B: 0O I 0 0
g"' - c (ZFSI+Q”CS2-€4 {('2) 0 0 0 0 } (F.68;
0 0 0 0]

which shows how to prepare the input for the two programs.
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APPENDIX VII:Units and Dimensions
M

The electric and magnetic units are summsrized in this section,

Magnetomotive Force

F =N smp-turcs

vith 1 = electric current, amp
N = number of turns

Reluctance

R - h__
Jak
h = length in the direction of flux, meter
A = crosg-sectional area, sq. meter
/M = permeability = 47 1077 tor atr

(P -g Weber - 3 10' lines
vith ¥ {in amp - turns

and R from eq. (G.2)

Induced Voltage

e = N j‘g volt
with @ 1a  Weber

N is the number of turns

t = time, geconds

Magnetic Force

Fu 5 B’A lbs
with Q = /72,130,000
B in l:f.nes/:{.u2

A in in2 - 109 ~

(co 1)

(G.2)

(G.3;

(G.4)

(6.5)
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APPENDIX VII The Impedance of an Arbitrary, Elastic Rotor Supported in Flexible,
Damped Bearings

In determining the stability threshold and the amplitude of a rotor with
timevarying magnetic forces it is necessary to calculate the response of the
rotor to high frequency excitation. In the more common case of a rotor response
to mechanical unbalance it is customary to neglect the contribution from shear
force, but at high frequencies this contribution becomes important and must be
included. Thus, the previous analysis given in Volume 5 will be extended to
include the effect of shear force and, in addition, the new analysis will take
into account the actual mass distribution along the rotor.

Referring to Figure 4, let the rotor be subdivided into sections such that each
shaft section has uniform diameter and uniform material properties. The end-
points of the sections are called rotor statioms. Stations are introduced pot
only where the ghaft diameter changes, but algo where there are concentrated
masses like wheels, impellers or sleeves, where there are bearings, where there
are magnetic forces and at the endpoints of the rotor. Hence, the arbitrary
rotor station n can be assigned a mass m,, a polar and a trarsverse mass moment
of inertia, Ip, and Iy, , 8 bearing coefficients: k,,,,',,,Bx"'K,‘,,,,Bx,,,,K,,,,,
By‘. ; k;,. and B,,, , and magnetic forces (some or all of these quantities
may be zero at any perticular station). This results in an abrupt change in both

the bending moment M and in the shear force V across a rotor station.

Introduce a cartesian coordinate system with the Z-axis along the rotor, the
x-axis vertical downwards and the y-axis horizontal. At each point along the
rotor the origin of the coordinate system coincides with the steady-state position
of the rotor axis. The rotor amplitudes, caused by the applied dynamic forces,

are therefore x and y. They are functions of 2. Consider rotor station n:

2;1 TE")R‘
E:]lm{? T )1

\4» E %?' \4;
knu B""’

Figure 19: Force Diagram for Rotor Station n
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~ where @, is the slope of the bent rotor (in the y-plane the slope is 3 )
;! F 1s the x-component of the sxternally applied force and T, is the =
‘ component of the exterually applied moment. A force balance yicld.

m, j-‘t.: u V' (Knn -G, )X., an dt = h;u 7~ - Bx,n #t‘ “l'F,‘. j (5.1)
7 UV = Koy = Byen B2 = (K Q)= By 4 +F, -
ndtd Tyn Ve K;vn ¥n ~ Oyxa 4 Kﬁn 3 B”n dt " . (1.2)

A moment balance yields:

4 ‘ _‘ DRaticie ) i o o —c ——
- . - . R e B e ENA st e B S et TN e
RS PRSP SRR T TSI TR WU TR Ry i PR LE 3 .~

» d ?

L. %‘ talp, fl% = My =Men +@,0, +Tyn (8.3)
, d J‘- =

: L. 2?: el Myn Myn +QPutTy (5.4)

’ : .
where W is the angular speed of the rotor, and Q, and 0, are the gtatic b

gradients of the magnetic force and the magnetic moment. 3
Assume next that the motion takes place with a given frequency V such that: A
Xy = Xcp Co5(v) =g, 5in(vt) = Ref (., + ix5) c"t} (1.5)

and sinmilarly for Y, ©n, o, Mxn, My s Van s Vi, ";,,,E,”, T and Ty, Hence,
eqs. (H.1l) to (H.4) can be written:

Vm = V“,, + ((0)"1‘0 Kun*o Xt e “’&an X~ Kﬂ,n ‘Ic~+(5)08lq~ Ysu * x'cu (4.6)
v’ = \'/“. ‘('Y)CUB"A Xen «y)n W'~ Km-" o.)xsn (‘lﬂ’)wB\‘P Yen™ k',n‘liu xsn (H.7)
Vien =VanKpen Xon HE)Bpun X HE Kyt ) s HEMByguthu* Frcw  (B.8)

v‘;“' = v"s”-(“!’)wB‘)ﬂxcu-K,xn Xgn ™ g)("&nn Yen t ((x)z"‘wz"c’,n+00)‘/sq + Efsn (4.9)
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1“ . 1 ! n ' - ‘N‘.‘ + g "'Q: “ \’J’ (.‘r: ;

Moo Moy =(7 T, 540]) 00 ~ BV In e T

P
Mesn= m F((z)'r,,d+o:>e,; ' (551,;04?;. -7;, . ‘j <nm
Myen ™ My +(ZIT, w0y, = [(A 40 ] @, = Tyem o (n ;}2)'
o= My~ 0= [ Q] B ~Toe .

This can also be written in a more compact form by expressing all the quantities
in the same way as in eq. (H.5) and with the convention that only the real

E Voo = Vout [ Bt Ko # Gy 8B T = (o # i BBy +Fen  ca20 3
'é ‘ V.;,. = Vin "(Kq,,,-ri(".',)b&,x..)x,, + [(t):a)’ Mt~ Kyn 16, -i(z)wﬁ,,..] ot Fon @15 J

) =My~ (BTt +Q, Jo, + i) Lo @, ~Tom (H.16) ‘
g M:,,,--M.,., i), o, -1, «+8,] $ ~Tyn . (B.17) ‘

Having established the change in shear force and bending moment across a
rotor station(eqs.(H.6) to (H.13) or eqs. (H.14) to (H.17)), the shaft sections

connecting the rotor stations will be considered. The governing equations *
!
{ are (ref. 1):
3 shaft deflection ox Vi
! : =o- H.19
LRy Y ®19)
\ ‘ ,
g shaft bending: g%' = ET M, (r.20)
1 2
{ force balance S)A -éét—z- = - _a_\z/_x (H.21)
My _ "
moment balance iz - V, (R.22)
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vhere x 1is the amplitude, © is tha rotztion nnglo. M is the bcnding moment ,
V 1 the shear force, A is the crou-“ctiml ares, I 1is the transverss lomt
of inertia of cross-section, 9 is the mass density, E is Youngs modulus, G

s the shear modulus and & 1is a shape factor for shear ( AF Q75 ~for -
circular cross—-section). Analogous equations hold for the y-direction. It |

‘v». >

should be noted that rotary inertia and gyroscopic soments have been ignored in
the last equation above because thase contributions are rather small and cau be
accounted for at the rotor stations.

These equations can be combined. Substitute for v, from eq. {4.22) into eq.
(H.13) and differentiate with respect to z:

~ o _ _ AMx ) ‘
dzt " 9z dAG oz (H.23)

deo
Substitute for ,; from eq. (H.20) and differentiate twice with respect to t:

_éjl. =1 J,MJ' - | A‘”r
it T ET gt? dAG g2it? (H.24)

Next, differentiate eq. (H.22) with respect to z and substitute into eq. (H.21):

Aizx___.‘fﬂ_w

g df‘ - dz' (H.ZS)_
or: 34): _ | !"M
m == ?X oz* (H.26)
By equating the two expressions for ;%P , the final equation becomes:
My $A 9! M L 9A é_ﬂx
028 4AG dott EI atr U (8.27)

2
a "ﬁ 3
Let the motion be harmonic with frequency V, 1.2. 41 =~y Mx « Furthermore,
define:

4V
/5 I (H.28)
&= 5L

24 AG (H.29)
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Thereby eq. (H.27) can be writ:cnxv

S ;HAZ»*,TﬁA*T;‘”E%%h
4‘% +24's* ﬁ’: -p'h, 0 | (u.'a??“_p'l‘
The characteristic equatiou is: -
st 26}34 st -/3‘:0 ' . 31) S

with the roots:
st= =g V(e < p[-pr 2V ety ]
Sat:

lé .
g'}": p[VH(Jp)‘ ¥ (Jp)‘] (8.32)

whereby the four roots become:

5° PI 5= 'ﬂ»

and the final solution can be written:

E.Lr My = C, cosh(Bi2) + G sinh(B2) +Cs cos(pyz)+C sin( p.2) (H.33)

The three other variables become:

é’ivx El-rg—”z-x =('”6,5,’hh(/9,z)+(2ﬁ,tosﬁ(}5.2)~Qﬁ,$in(/5zz)-I'C.'/Sz(os(p,z) (H.34)

1l

10

G.. -C 6.,
Gosh(f2) + I;Ss:nh(ﬂ,z) l-,-‘-;’(os(fzz) I3 Sm(A,z)(u.as)
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Oa[%dz v ?Sm’l(lﬂ,z) +5 fosh(lS 2+ 9 Sm(ﬂ,z) -C ‘“(AZ) ' (3.3;) e

TN

Ve .
. !

Yor the -m: uction of length .l. between rotor untionn o and (n+1). the end

conditions are: e iR e
at 2=0 X%, ez0, MyzM,, \{,zV,’_
at z» 4, X Xy © =Gnu M, = My e V- Veass
Set:
X,= 1../3, X2= /../5, (H.37)
Then the four constarts C, CZ’ C3. and 04 are determined from the equations:
C,+C _:ELIM;"' J'C, -Pz =0,
8 q-ﬁfc3= Xn P:Cz "'lszcﬁ ""‘E’}V;n

or:

C,= q%?f [/g:xn +ELI M;n] (H.38)

Cz ‘ [ P:xn"' ELI Mi’rn] (H.39)

Po "'Pl
G= ,6.’+/'5§ [Pro+ 21 Vil (2.40)
C,, = ;5_76?;' ["p?e,.'*é'} V,:,, ] (H.41)

Substituting for Cl to Ca into eqs. (H.33) to (H.36) and setting ::-lu yilelds:

Xenr™ § I*P {fp Cosh) +ﬂ,ros)Jx.. [p smh\'rp,s.nl 19.,-*[(051:) cos)Jer,,.. (H.42)
+[ﬁ§""“ -B ""Az]nvx»}




Syt T T A L ';:;wv,& RETERE & F T s
. .

6,7 R—,'P?j pfi sinh, -p,'f, s;n),]x.,*[p,'add.-r‘a.'w,]e. +I§‘: “‘"Dﬁ{ s.al.]‘c"rﬂ;. |
+[ (osk).-c.;);_] é‘zV,f... } (4.43)
B Mona® ;?;%f {‘6,',4: [ostd-ash,]x, A, [ A,sinh)=p,sin) ,]o,,'r[‘i,l (osh?,' asl,}étﬁ,f,
+[pisinhd,#f ik ] ‘s"er,,,] (H.44)
&Y o’ E,-:'E { p“‘a: [ P,s:nhl,+pzs;nA,]x, + /3,'{5,' [eeshi- rvs/\,]e,ﬁf,[z [P, sinkd,=4, sinky g M
+[ﬁf(o$M,+p:ra&/\,]‘E"t\/.'.} (H.45)

These equations can be written:
xnm T Qin X+, 6, a-h H;n + Qga v:t’n
O, T A Xn + @y, 6, + Qs o + a4nvx'~ (H.46)
M’M'= q‘h Xn + abn N azn M;n + asu V,:,,
vx,tm: ain Xy + G, Gn +a§n ;n ta, vx'n

Because:

/3:15: = /9:

the 10 coefficients a to a become:
4n 10n

a,, = ;5?:'73—:- [ preoshd,+ B cosh,] (8.47)
ay, = E’l*?:— Iﬂ:(cs“,'* Blosh,] (1.48)
Q, = ﬁ?—i_/}—z'- [F.Sinhl.‘r/i,s{n),] (H. 49)
Yy = 'p"i‘lﬁ‘ Iros‘w\,'(oslz]é | (ﬁ.so)
a,* ;,%37 [ pysinkd, =B, sink,] 5D
a‘htﬁl(l;’——{:—f’:) [p:sinhlﬁls,’s.'n/\z]é (H.52)
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1 F—(A:’P}; rﬁu’s:nu.‘p,’sim\,]é"x - L . n;',’,»

ag, ] y’yA a,, ‘ S ‘(3.54)
a1'= \Iz?A EI 44. (8.55)
Q= EI ag, (8.56)

These 10 coefficients are different for each shaft section since A, I and ln

vary between sections.

In the limit, a$ )\ and A become very small, the following relationships hold:
coshd, —= 1+$ g4, +§ap,41‘
Cosh; —= I-zﬂzl +z4/3, 1

4 (H.57)
sinhd, —= P:I [‘+6ﬁl‘lh+‘20 o‘l ]
Sinky ,le - blszln"'noﬁz n]
Hence, in the limit:
Qy,—= | . azn"“’ asn""' 4 y
L A
Q™ 26T Qe =i s *’*"5"4137 ’%..é—"’
& L (H.58)
XUn—" ET %" TET ~ TAC ;
a"'——b yzyA 1” Aq—™ zyyAl” d,,,‘—bivtyA 1.
From eq. (H.57) it is seen that these limits are exact when:
5% /5‘1: <i* or  fL%0.022 (H.59)

asguming that the computer works with 8 significant figures. Under these limit
. conditions and 1if l is not too small, eqs. (H.46) reduce to:

Xors =0+ o 6 84 Moo ¥ [ -2 K.
Ones = On EII M,,,, zlerv

Mynis D54 L%+ EV9A L o, + Myt L Vi,
Vx = y"j’A , X, +12 v;AI.,e,, "f'V"

{H.60)
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which are the same expres ..s as would be obtained if the shaft was considered
massless and the actu- . shaft mass lumped at the endpoints as done in Volume 5.

It is seen that there is no coupling between the x~direction and the y-direction,
nor between the cosine and sine-components in eqs. (H.46), Hence, eqg.(H,46

are valid also if the variables are subscripted with c or s, or for the analogous
y-components. In this way, eqs. (H.14) to (H.17) together with eqs. (H.46) estab-
1ligh recurrence relationships by which the amplitude, etc. can be calculated step
by step, starting from one end of the rotor. Let the rotor end at Station 1 be
free, i.e. M,,=M|,,"'Vx,=\41,"'0 . First, set xl-l and " 6, -(f,-o, and use the
recurrence formulas to calculate the bending moment and shear forc‘e at the

last station, station m. Denote the values as: ”x.. a, ,",..‘Q,,V '“Jn,vt;h d4,
(the a's are complex). Next, set yl-l and X,;=0,=* (P, 0 and calculate Mx..-du,”y-. an,
Vy.. a5 ,V., Q42. Repeat the calculations with ©,=! aund (P, , respectavely.
Finally, perform four additional calculations with X, *Y,=9, = (P,‘O the first
with Fg” ,F=T,,=TI1=O the second with F ' Tx 'ﬂl =0, and so on

where the forces and moments are applied at that rotor station where the magnetic

/Al ’_
forces act. Assuming the rotor end at station m to be free, we have Hg,,,'” "o Vx...‘

VI,;, 0 lt,.

Mm Q) Qp 4y A4 {|% Qs Ay G ayg K
”"i" =% Gu Gy A% { Y +{ %5 % A Gy R =( (.61
V;u» 4y, Ay Gy Ay | S Qg5 Ay Ay A3g |
V'jn Ay A Gy ) | § Qs Ay 4 Ay 15
ors
AX =BF (H.62)
where: .
X, F
1Y - | K
X. - G, F‘ T: (H.63)

) Ty
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and A and B are matrices defined through the above equations. They are complex

such that:
4A='A¢’[/h
(H.64)
B= B, +i8,
and similarly for X, and F. To golve eq. (H.62) for X',write it out into its real
and imaginary parts:
Ac Xl( - AS xls = (B‘F)‘
(H.65)
A X, + AcX,s = (BF),
Solve the equations to get:
- - -ir .. . -
Xe = [A A+ ACAT (A (BF)+ AL (B-F)]
(H.66)
- =1
xas’ [AS.A6+A: As] ['A:(B’FL"’&(BF’;]
Define:
A= [A7A+ AL AT A=A (2.67)
whereby the solution of eq. (H.62) becomes:
X, =A"BF (H.68)
Let the magnetic forces act at a station with amplitudes:
X
X = Y (H.69)
&
¢

In performing the rotor calculations desczribed above, X 18 expressed by a matrix

equation similar to eq. (H.Al):

X=CX, +DF (H.70)
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Substituting for X, frow eg. (8 £8):
- ~4 -
X=[CA'B+DJF = E™'F (H.71)
-» -1
where E "[(A B"D} is a complex matrix with 4 rows and 4 columns,

Solve this equation to get:

F (3, +iX,) = === (arida) | [x

= ;'1 EX={ ! E 4 (H.72)
% f ' e
Ty J 0t +iAy) = — = = (g ikyy) 9

where E is obtained as the inverse of E-1 by the same method used to invert A
(see eq. (H.67)), Here:

(0, + M) x = (4000 ) (xr 1) = (0, X~ Ay, X5 ) cos(Vti=(Ax+ 3, X% ) sin(vt) . 73)

and so on. The E- matrix expresses the impedance of the rotor for the chosen
frequency VY at that rotor station where the magnetic forces and moments are

applied. It 1is used in the rotor stability calculation and the rotor response cal-

culation as discussed in Appendices 1X and X.
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APPENDIX IX: Calculation of the Threshold of Instability for a Rotor with

Magnetic Forces

In Appendix VIII it is shown that the rotor can be represented by an impedance matrix
E at the point where the magnetic forces and moments are applied. This matrix
depends on the vibratory frequency ¥ and relates the rotor amplitudes and slopes

to the imposed forces (see eq. (H.72), Appendix VIIZ)The magnetic forces F.

and Fy and moments, Tx and '1‘y on the other hand, also depend on the rotor ampli-

tudes x and y and slopes & and (P , and can he written:
R [ On Qy Qo G (G Guy Gro ¢ 1{x]
Rj S O‘I" O‘l‘l 0‘10 O'jf (os(m)"1 Iyx By ?70 Top i) lj} 3.1
Tr Qox Qa, e Qef Jox Joy Joo foy 6

Ty O @y Qpo Oy Jor Joy Gpe Jee iles

where 2 radians/sec 1s the frequency of the magnetic forces, and the Q's and q's

»

-

are the gradients of the magnetic forces and moments. In most cases, several of
the gradients are zero and there also exist certain symmetry relationships between

the gradients. However, all the terms will be kept in the analysis to make it

general.

Combining eys. (J.1l) and eq. (H.72), Appendix VIII, a matrix equation is obtained

with the rotor amplitudes x and y an< t*%2 rotor slopes © and ? as the unknowns.
To solve the equation it 18 recesou.y to expand x, y, 8 and (P in Fourier series as:
X= kZ:’ [ %o, costky) - x., 5,’n(k1}/)] J.2)

'7:,,},:,[7“ coslklf) =y sin (k)] (3.3)

and similarly for © and q) where:

V= 0t (J.4)
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%us, for a given k the frequency is:

v--k’(z2

(J. 5)

and the elements cf the impedance matrix E (i.e. the X's and A's of eq. (H.72),

Appendix Vil)are evaluated at these frequencies such that there will be and E-matrix

for each value of k:

Ek"’ E“’fi ESI.

Next, defiz=:

X, *

where:
Xex
X - 1 HCK
Ck Ocx
P
Also, set: .
Qu
Oy
Qox
L Qpx

[ 4

=] I

# Jox
Jgx

-0 X

ey

= X

¢

Ixe
Y40
%00
96

+
k

‘X5u

XSuz‘

\
o
(;7? 3

Qeg|

X
Ysx
€5k
Qs

Qeg

3
Iy

Yy

For
Poe

S

(J.6)

(3.7)

J.8)

J.9)

With these definitions, eqs. (H.72) and (J.1) can be combined to yield:

F
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or {n expanded form: .

[(E(.X" ~Es X ) restip) = (En Xou # By Xou ) sinlby)
+iQ z x(.[ coslhe2)¥ +coslk-20y] -4 ¢ ZX,., [coslk-2)y ~cesth-20¥]

~ig Z Xals.n(id)?‘s:nﬂ AV - zoz X [s.nlb)ﬂ!”m(k %)= 0 T
kg .
By collecting terms in cos(kV¥) and sin(k¥ ), two sets of equations are obtained,
Lﬁ one set for k even ( k=0,2,4, -~ =~ ) and one set for k odd (k=35 ~-~ ).
- Consider first tne case of k even. When k= 4 , eq. (J.12) yields for any k:
- ) k even, k 2 4 .
. ' - 4 - 1 1 I
= Ea Xeo =B X5 720X ~2 ¢Xf,k-2 20X 0y #19 X4 =0 (3.13) o
| ESk XCk"'ECk X5~+fq C k-1 ZOXSk-I Z?Xcmz*fo 5,,.,2 . -
- which can be written: ~ ~
(E('k +“E$h)(xcor*‘. X5k) + 2‘ (O"’“?)(Xc,k-z *“Xs,k-x) +%(Q“.7 )‘Xt,mﬁxs,kn} 20 (3.14) . “\
or:
- G X, tEX tHX,, =0 (3.15)
? where: : ~d
G=#(Q+iq) H=1(Q-i4) (3.16) ;f -
Define the matrix Sk by:
vV -¢C Vv
/1‘ .;.-2 /\k_z (Jol7) ~
) Substitute into eq. (J.15) to get: "
-
or: -t
X, s~ [E+HST"C X ket @19 |
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By comparing eqs. (J.19) and (J.17):
-
Su-r® ~[Ex*+HS]G k24 (1.20)
For ke2, eq. (J.12) ylelds:

2G X, +E, X, tHX, =0 (3.21)

since )(50 =0 ., Hence:

Xz '-'—[Ez'*HSz].‘zGXco ' (J.22)
Thﬁs, eq. (J.17) 18 valid aiso for kw2 if it is defined that:

5,= ~ [E,+H5,]726 (3.23
Turning last to the case of k=0, eq. (J.12) yields:

ECo X(o-*%OX(z*%gXSZ =C (J.24)

or by introducing eq. (J.22):

[E(O"'JZ'Q S(o"'%? S“]X(-o’O ‘ (3.25)
where:
S *+i 50 = 9% (3.26)
The coefficient matrix on the left hand side of eq. (J.25) is a 4 by 4 real matrix.
In order for a non-trivial solution of )Qb to exist it is necessary that the

determinant is zero, and in that case the rotor is unstable.

Turning next tc the case of k odd and taking ka3 » eq, (J.12) ylelds for a given
valve of %, equations identical to eq. (J.15). Hence eqs. (J.17) to (J.20) are
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also valtd for k23 . However, for kel eq (1.12) gives:

(E(' +4Q) X, —(E5 19X, +1 QX5 415X, =0

(1.27)
(Esf"‘?)xa +(E¢, 'imxn"*?xcs +19X5=0

By substitution from eq. (J.17), eq. (J.27) becomes:
[E,+HS,IX, +1QX,, +3a X, +i(#gX,-10X;,)=0 (3.28)

Equating real and imaginary parts, this equation yields an 8 by 8 real matrix

whose determinant must vanish at the threshold of instability of the rotor.

In order to evaluate the two determinants, the one for even values of k froum
eq. (J.25) and the one for odd values of k from eq. (J.28), it is necessary

to calculate So and S This ia dope by using the recurrence relationship of
eq. (J.20) where Sk-2

Now, the elements of the impedauce matrix Ek are of the order kz {(except ii

1
can be found when Sk is known (for k=2, use eq. (J.23)).

k g‘ is close to a rescnant frequency of the system). Thus, for sufficiently

high values of k, Sk will be of the order k"2 such that it 1is possible to ignore

all S, ~matrices for k 2p where p 1s selected on the basis of the desired accuracy
~

of the calculations. With SP-S =0, eq. (J.20) yields:

pe

Spo =7 E,:,:, G

Sp-z :—E?.' G

after which eq. (J.20) and eq. (J.23) can be employed to calculate S, p-3zk20,

(J.29)

keeping the S-matrices for even values of k separate frcm the S-matrices for odd
values of k. Once So and S1 have been obtained the two detezraminants can be

calculated.

To perform a complete stability analysis of a rotor, the rotor dimensions, the
rotor speed and the bearing coefficients must be specified. It is then possible
tn ralculate the impedance matrices of the rotor (the Ek— matrices), by the method

explained in Appendix VIT] Next, to determine if the rotor is stable or unstable,
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ascume the nagnetic force gradients ({.e. the Q's and q's cf eq. (J.1)) to be

variable but such thar their mutual ratio is kept constant and equal to their spsci~
fied value. In other words, introduce a reference value, CL!; ,» (fur inztance,

0"‘ TQu ) and let Q"; be the single variable but such that when Qhef

varies, the ratios 0"/0,,; , 3"/0"; , and 80 on . remain fixed. Then in~rease
Cb,; in steps, starting with Gk,;’O, and calculate the corresponding values of the

two determinants as discussed above. In this way the determinants are obtainec as
functions of CL,; . If neither of the determinants become zero between CL¢‘=<3

»nd that value of CL,; where the Q's and q's assume their specified values, the rotor
is stable, otherwise unstable. It should be noted that this assumes the rotor to

be stable at 6%,;’0 » 1.e. when there are no magnetic forces. Even if the two
determinants are not zero for 6%,‘=0 , the rotor may still be unstable with hydrodynamic
whirl instability induced by the fluid film forces in the bearings. This latter

form of instability cannot be analyzed by the present me.hod but must be checked

by the methods given in Volume 5.
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APPENDIX X: Calculation ot the Amplitude Response of a Rotor with Magnetic Forces

When there is a built-in eccentricity between the rotor center and the magnetic
axis of the generator stator, the magnetic forces will force the rotor to whirl.
Lot this built-in eccentricity be described by (x” Yo , 6 y SU, ) where X,

and 4, give tpe coordinates of the rotor center with respect to the stator
center and ©, ai\d 4’° give the angles between the rotor axis and the stator
axis. These values include the contributions irom L .e static components of

the magnetic forces. Then the magnetic forces Fx and F'y and the magnetic moments
‘I‘x and Ty can be expressed in terms of the rctor amplitudes x and y, the rotor
slopes @ and § , and %o, Yo, Bpand (P, :

Fu X°+K
15 = - [Q Cos(Rt) - g sin (.Qf)] ZO:Z* (K.1)
T’ P°+P

where Q and q are matrices defined Ly eqs. (J.9) and (J.10), Appendix IX. These
forces and moments act on the rotor where they produce the amplitudes x and y

and the slopes © and ¢ which are related to the forces through the impedance
matrix E as given by eq. (H.72), Appendix VIII.Thus.by combining eq. (H.72) and
eq. (K.1l) a matrix equation is obtained with x, y,® and (P as the u: knowns. To

solve this equation, expand x, y, & and 93 in Fourier series:

x= ;Z: l—xck ws(ky) = x5, 5;n(k'¢r)] (K.2)
and similarly for y, © and (P where:

Y=t (K.3)
Thus, for a z° . -1t °f k the frequency is:

v= k2 (K.4)

]
It should be noted that this differs from the stability analyses where .q”EDt

and v=k ‘ZQ . In the response calculation only multiples of the magnetic force

frequency are consider«d or, in terms of the stability analysis, only the case of
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4
"k even" {s cocsidered. 1 )
For each k-value a rotor impedance matrix Ek can be computed as shown in Appendix VIII )
Ev=Eatikg (K.5) ’ 1-
. |
Define: e
x oI
X ={3} = Xeti X, (X.6) o
?h <
where: e
Xk Xsx Cma
= 4 Yok = { Y« "“
XC“ Ok Xs“ S5 .7 e
Qe qkk ' -
i
Then combine eqs. (H.72) and (K.1) to get: % R
Z E X, [astky)+isinkp)] = ~[Qeos(Ot) - gs.n(ﬂi)][ "" + goxk[cos(kwﬂ'ﬁh(kv)]](K.s) | ‘
‘ .
which can be expanded into the form: Lo
Z[ EoXa ExcXa s~ (Ex Xyt Ea X sinli ;
+Z Q Z XCk[(os(HIJ}"wa(k'l 1}’] gZXSJCos(hI Y-cos(k- I)W] P
~24 kZ Xeu sinlert1=sin(b-s1]) =1 Q 2 Xy sinllol 5in -0 ] (K.9) o
** :“ { Xo o
- "‘(0(05?‘@5{;&]}’){32\}
Collecting terms in cos( k¥ ) and sine( k¥ ), thib equation gives rise to an % N
infinite number of simultaneous equations. For k=2 and for any arbitrary value % o

of k, the equations become: é
k22 1 -4 ! 1 - -
Ee )Qk' ESk XSk +20 Xc,k-: 29 XS,k-I *e OXc,tm +19 XS,I(-H =0
(K.10)

Egu )‘/ck"Ea‘ Xsu +1 9 Xc, k-|+%QXs,k-: -iquc,kw +1 QXS,:m =0

- 130 -




r———— S— P R T e v P ® ,,4
W aagma Iy
! ‘
}
or in complex notation: j
k22 Xy +E X, +HX,,, =0 (K.11)
where the G and H matrices are defined by eq. (J.16), Appendix 1X. For kel
the right hand side is not zero. The equations become:
k=) ;.\
- - o
Effxu E,, )($1+Qxc‘o *fQXCz +19 X5, = ~Q{at
% (.1
x)
- 1 * -
Eci Xy +Eaxsf"‘ixco *? 2 *1QXs, = 9 g:'
'Y
or in complex notation:
Xe
ZGX(‘*EIXa'*HXz:"ZG z: (K.1:
G
Since Xso :Dt !
z
Finally, for k=0 eq. (K.9) yields: ;
—-— i -
B Xeo 2QX, +1 X, =0 (K.14
Now, define a matrix Sk by:
k22 X = S, Xy (k.15

and substitute into eq. (K.1ll) to get:

GX,, *(Ec+HS5)X, =0

or

Xe=-[E+H Sk S Xiewt (K.16)
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Hence:

Skmt = -[Ek+H5k]-'G k22 (X.17)

As previously discussed, Ek i8 of the orde' k which means that for sufficiently
large values cf k, ak is of the order k Henca, for k"P where the choice cof

p depends on the desired accuracy of the calculation, Sk may be set equal to zero,
l.e.:

-
S —E G (K.18)

Thereafter eq. (K.17) can be used to calculate all subsequent Sk

Having obtained Sl’ eq. (K.12) becomes:

Xo
26X, t[E,+HS]X, = ~264¢ (K.19)
% ‘

with the solution:

Yo X ,
Xl = ~[EI+HS)] ZG [Xto+ {é: ] :250 [Xc¢+ 2: .] (X.20)
0 9,

where:

So= 5‘0‘*1' SSo == [E,+H5, T'G (R.21)

With this result, eq. (K.1l4) can be written:

Xo
[ECo*QSw"'?Sw]X(o == [Qsco+qSSo] Z: (K.22)
3

or:

*o] "»
-+Q5(,+q55, X + i E, % (K.23)
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These four equations may be solved for X“ or [x(."‘ 2'. ]

: after which -

S !1 can be cslculated from eq. (K.20) and all ocher X, -vectors from eq. (K.15).,

TE Thersby tha complete amplitude reeponse is obtained at the station where the mag-~

== netic forces are appliad, Tc determine the response at other stations, the : L
rotor calculation has resulted in relationships: S

~ at station n an o CM‘ Xa'k + D,,“ Fk (K.24)

— Here X, is related to T by eq. (H.53): o

-~ o B

! Xlk = Alr B R

(K.25)

i.e.:

i

= Xoe = [G.A'8.+D,.]R (K.26)
or with F, given by eq. (E.72): =

Xue= [CuAY B, # Dy JEL X, x.27)

r’.g‘-

Thus, with Xk determined, the amplitudes and slopes at any other rotor station 4
can be found.
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APPENDIX XI: Computer Program - The Stability of a Rotor with Timevarying

Magnetic Forces

This appendix describes the computer program PNO351: "The Stability of a Rotor
with Timevarying Magnetic Forces' and gives the detailed instructioms for

using the program. The program is based on the analysis contained in Appendix IX
(and Appendix vIII)It calculates that value of che gradient of the timevarying

magnetic force which 18 required to make th= rotor unstable.

The rotor-bearing model is that of a general flexible rotor supported in a number
of bearings (see Fig. 4). The dynamic bearing reactions are represented by

4 gpring coefficients and 4 damping coefficients (see Volume 3). The rotor
itself consists of a shaft whose diameter may vary in steps along the rotor

and on which are fastened any number of masses (wheels, impellers, collars,
etc.). At the centerplane of the alternator stator, timevarying magnetic forces
act on the rotor. These forces may be both forces and moments and they are
directly proportional to the rotor amplitudes and slopes. The forces depend
strongly on the type of alternator and can be determined as discussed elsewhere

in this report.

The stability computer program is not "automatic" in the sense that all that

is required is to provide the numerical data describing the rotor and the mag-~
netic forces, and then the program will calculate if the rotor 1is stable or not.
It must definitely be emphasized that it requires judgement and several calcu-
lations to determine the rotor stability. A more detailed discussion of the
problem is given in the text of the report ard it is necesecary to read that

before attempting to use the program.

COMPUTER INPUT

An input data form is given in back of this appendix for quick reference when
preparing the computer input. In the following the uwore detailed instructicus

are given.
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Card 1 (72H) Any descriptive text may be given, identifying the cslculation.

Card 2 _(1215) This 1s the "control card" whose values control the rest of the imput.
Thus, in order to understand some of the items it is necessary to refer to that
varticular part of the data to which the control number apply.

1.NS, specifies the anumber of rotor stations, see "Rotor Data" (NS< 100).
2.NB, specifies the number of bearings (1< NB < 10)

3.KA, The absolute value of KA, |KA], specifies the number of that rotor station
at which the magnetic forces are applied (i.e. at the centerplane of the altermator).

The program only provides for one such station.

When KA > 0 and KC = 0 (see next item), there are only timevarying magnetic forces
and no moments. When KA<O and KC= 0, there are only timevarying magnetic
moments and no forces. When KC € -1, KA> O there are both timevarying magnetic

forces and moments. FPFor further details, see '"Magnetic Force dsta."

4.KC_ KC is used tn spezify the form of the timevarying magnetic forces. When
KC=0, the timevarying magnetic forces (KA> 0) or moments (KA < 0) depend only

on the rotor amplitudes, not on the rotor slopes. When KC=1l, the timevarying mag-
netic forces (KA>0) or moments (KA< 0) depend only on the rotor slopes, not

the rotor amplitudes. Finally, vhen XC=-1 there are both timevarying magnegic
forces and moments,and they depend both on the rotor amplitudes and the rotor
slopes. The reason for including this control parameter is to red.uce the size of
tne stability determinant whenever possible. For further details, see 'Magnetic

Force Data."
5.NRP The program provides for including the effect of the bearing support pedestals

whenever needed. If NRP=0, the bearing pedestals are rigid and no pedestal data
is required in the input. Otherwise, set NRP=l and svecify the pedental data.
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Por further dotails, see "Pedestal Data."

6.NPD The bearings supporting the rotor may be either of the fixed geometry
type (plain cylindrical bearings, grooved sleeve bearings, ball bearings,

and 80 on) or they may be tilting pad bearings. If the bearings are of the
fixed geometry type, set NPD=0, 1f tilting pad bearings are employed, the
absolute value of NPD, INDP|, specifies the number of pads in the bearing.

The bearing may be oriented such that the static bearing reaction goes between
the two bottom pads in which case NPD 1is positive and equal to the number of
pads. However, if the bearing 1s oriented such that the static bearing reaction
passes through the pivot of the bottom pad, NPD is nega*ive and equal to minus
the number of bearing pads. The maximum value of }NFD} is 8. For further
details, see "Bearing Data, Tilting Pad Bearing."

7.INC. The bearing lubricant may be incompressible (INC=0) as for oil bearings
or it may be compresgsible (INC=1l) as for gas bearings. The difference in so
far as the program is concerned, is that the dynamic bearing coefficients with
a compressible lubricant are fuactlons of the vibratory frequency which they

are not when the lubricant is incompressible. For further details, see "Bearing
Data.”

8.NH For the stability calculation, the program evaluates the frequency response
of the rotor-bearing system. Theoretically, infinitely many frequencies are

required, but in practice only a limited number are necessary. These frequencies

are the half harmonics of the magnetic force frequency and NI specifies the
number of the highest half harmonic. NH must be equal to or greater than 2 but

cannot excecd 20. NH should not be made greater than necessary since the computer

time is almost proportional to the value of NH, and in many practical cases sufficient

accuracy is obtained by setting NH=2, A more detailed discussion is given in the

text. See also "Bearing Data."

9.NQ Each stability calculation is performed at a given rotor speed. With the speed

fixed the program varies the gradients of the timevarying magnetic forces over

a specified range to determine when instability is encountered. The variable
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representing the magnetic force gradients is called Q¢ - If NQ=0, a range for
Qref 1is employed, and it is necessary to specify the first and the last value
of the range and also ths increment by which the range should be covered. If
NQ 21, a list of NQ- values of Qref is given. For further details, see "Test
Range of Magnetic Force Gradients.,"

10.NSP When it is desired to invescigate several speed ranges for the ssme rotor
and where either the bearing coefficients or the magnetic forces change from
speed range to speed range, it ia convenient not to heve to repeat the "fixed"
rotor data for each calculation. NSP gives the number of such speed ranges.

The input data, starting from "Speed Data," must be repeated NSP times. NSP

can be any positive value desired.

11. NDIA If NDIA=Q, the program output will be limited to giving the value of
the two stability determinants as a function of Qref for each rotor speed. In
general, this should be adequate. However, in some cases it may be desired to
study the behavior of the rotor in some detail. By setting NDIA=]1, the computer
output will also include the impedance matrices of the rotor at each of the
specified frequencies and it can be investigated if any of the harmonics coincide
with a resonance of the system., If NDIA=-1, the output will include not only

the rotor impedance matrices but also the Sk—matrices employed in solving the
determinants. (See Appendix IX).

12. INP If INP=0, the computer will expect to read in a completely new set of
input data, starting from card 1, upon finishing the calculations for the present
input data. Otherwise, set INP=l.

Card 3_(1BJE14.6)

1.YM YM gives Youngs modulus E for the shaft material in lbs/inchz. If
E actually changes along the rotor, it should be noted that the program only
uses E in the produce EI where I is the cross-sectional moment of inertia of
the shaft. Since I = g% ( d;‘-d? ), where d, 1s the outer shaft diameter and

di is the inner shaft diameter, any variation in E can be absorbed by changing

do (see "Rotor Data') .
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2. DNST specifies the weight density of the shaft material, 1ba/1nch3. The
program converts it into the mass density g - DNST/386.069.

3.SHM gives the product «&G where Q s the shear modulus, lhs,’z;schz. and o is
the shape factor for shear (for circular cross-sections: o = 0.75)

Rotor Data (8E9.2 )

Referring to figure 4, the rotor is represented by a number of stations connected
by shaft sections of uniform diameter. Thus, rotor statiuvns are introduced
wherever the shaft diameter changes (or changes significantly). Also, there
must be a rotor station at each end of the rotor, at each begring centerline

and at the centerplane of the alternator where the muynetic forces are applied
(Station KA).

Furthermore, a rotor station is introduced wherever the shaft has a concentrated
mass which cannot readily be represented in terms of an inner and outer shaft
diameter (impellers, turbine wheels, alternator poles, and so on). In this

way the rotor is assigned a total of NS stations (card 2, item 1) which are
numbered consecutively starting from one end of the rotor. There can be a

maximum of 100stations. Each station can be assigned a concentrated mass

m with a polar mass moment of inertia Ip and a transverse mass wmoment of

inertia I.r (any of these quantities may, of course, be zero). Also, each

station can be assigned a shaft section with which it is connected to the following
station. This shaft section has a length l » an outer diameter (d° )““, an

outer diameter (d, ), ,q4 and an inner diameter d; . The outer diameter

(d, )sm‘ i8 used to specify the stiffness of the shaft st-;;tion :uch th:t the
cross-sectional moment of inertia of the shaft 1s: = &4 [(d")if.‘({ "d( ]

and the shear area is: {[(d.);.“ ‘d?] - The outer diameter (d, )., ., 18
used in calculating the mass of the shaft such that the mass per unit length
ig: ?‘ﬂ' [(d.):“;'d: ] where @ 1is the mass density (see card 3, item 2).

In the computer input there must be a card for each rotor statiom (NS cards).

Each card specifies the 7 values for the station:
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l : ‘ gL
: t i QNS
- M
: 1. The concentrated mass: =, lbs. (may be zero) B
f 2. The polar mass moment of inertis of the etation mass; I_ Ibs-inch® (may be zero).
3. The transverse mass woment of inertia of the station msuss; Iy lbs-inchz (may ; -
— be zero). P
1
4. The length of the shaft section to the next station: £, inch. (may be zero).
L. For the last station, set { =0.
: 5. The outer diameter, (d, )“‘.“ of the shaft section, inch. ( d, )”..“ 7
) used in calculating the stiffness of the shaft section; (d, ke 0 -
For the last station, set (d, )‘““ =1,0.
6. The outer diameter, ( d, )h"’ of the shaft section, inch. (may be zero). : ; T
(d, )h“‘ is used in calrulating the mass of the shaft section. For the ' i
last station, set (d, )h"’ =0, ~?

7. The inner diamter, d; of the shaft section, inch (may be zero). d; 1is
used both in calculating the stiffness and the mass of the shaft section.
For the last statiom, set d; =0.

Bearing Stations (1215) -

The rotor bearing station numbers at which there are bearings, are listed in

sequence. There can be up to 10 bearings.

Pedental Data 8E9.22 . .

The program provides.for the option that the pedestals supporting the bearings !

may be flexible. In that case, data for the pedestais must be given and NRP | e
must be set equal to 1 (card 2, item 5). If the pedestals are rigid, set NRP=0 ~
and omit giving any data for the pedestals.
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When NRP»1l, each bearing is supported in a “two-dimensional” pedestal. The
pedestal is represented as two separate masses, each mass on its own spring

and dashpot. The one mass-spring-dashpot system represents the pedestal
characteristics in the x-~direction, (the vertical direction) and the other system
represents the y-direction (the horizontal direction). There is no coupling .
between the two systems. In tlhe computer input there must be nne card for each
rotor bearing which gives the 6 items necessary to specify the pedestal char~
acteristics:

1. The pedestal mass for the x-directiom, lbs.
2. The pedestal stiffness for the x-direction, lbs/inch

3. The pedestsl damping cocfficient for the x-direction, lbs-sec/inch

(note: for the bearing films the damping is given in lbs/inch, whereas the
damping coefficient in lbs-sec/inch 1s used for the pedestals)

4. The pedestal mags for the y-direction, lbs.
5. The pedestal stiffness for the y-direction, lbs/inch

6. The pedestal damping coefficient for the y-direction, lbs-sec/inch.

Speed Data (1PSE14.6)

Usually it is desired to make calculations not just for a single rotor speed
but for a range of speeds. Even though the bearing coefficients and also the
magnetic forces are somewhat dependent on speed, it is convenient to be able
to perform calculations for several speeds without having to change the bearing
coefficient data and the magnetic force data. The present input card allows
specifying such a speed range by giving the first speed and the last speed

of the range and the increment by which the range should be covered. If

it is desired to run only one speed, let the initial speed be equal to the
desired speed and let the final speed be less than this value whereas the
speed increment is set equal to zero. The speed data card also specifies

the ratio between the frequency of che timevarying magnetic forces and the
speed of the rotor. For the 4 pole homopolar generator, this ratio is

equal to 2, and for the heteropolar generator under load, the ratio is equal
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to the number o>f rotor teeth. Finally, the speed data card also specifies the
scalefactor for the stability determinants. Hence, in total the speed data card
has five values:

1. Initial speed of speed range, rpm i
j

2. Final speed of speed range, rpm %
i,

3. Increment by which the speed range is covered, rpm 3
N

4. Ratio between magnetic force frequency and rotor speed (=2 for the 4 pole
homopolar generator, and equal to tne number of rotor teeth for the heteropclar
generator under load)

5. Scalefactor for the stability determinants. In order to contrcl computer

overflow, each element of the two stability determinants (i.e. for even and odd .
indicies) 1s divided by the product of the specified scalefactor and the square §

of the angular rotor speed. It is recommended to set the scalefactor equal to ?%fﬁ
the rotor mass (in lbs—secz/in) times approximately 1/8 the square of the product
of the highest harmonic and the magnetic force frequency ratio. However, the e
choice of scalefactor in no way influences the accuracy of the calculations and
i1f in doubt, set the scalefactor equal to 1. If overflow is encountered, increase L
the scalefactor.

Magnetic Force Data { s

The generator magnetic forces are made up of two parts: a static component and ; {,~
a timevarying component. Let the rotor amplitudes at the centerpiane of the A
alternator be x and y, and let the corresponding slopes of the rotor be & and (P
(1.e. 6'}: , P= }2 where z is the coordinate along the rotor). Then
the magnetic forces and moments acting on the rotor are proportiomal to x,y, &

and P . The static components can be written:

static magnetic { Fe = O,X

forces F:’ = Qp'j . e
J | e
static magnetic 1; - 006 BEpah.
moments T. = 0'
Tl ¢

2
where Qo is the negative radial stiffness in 1lbs/inch and Qo is the negative

angular stiffness in lbs- inch/radian.
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The first card of the magnetic force data specify the two negative static
stiffnesses.

T (1P5E14.6)

1. The negative of the radial static stiffness Q » 1bs/inch

J
2. The negative of the angular static stiffness 0. » lbs-inch/radian

!
b Q. and Q° are positive values, and the program assumes them to act as negative ‘

)
springs. For ~he heteropolar generator, Qo =0, &

RiOCEY

This card is followed by several cards speficying the gradients of the time-

varying magnetic forces and moments. These fcrces and moments are written:

. “::’ r Qxx ox, Qxe Ql,\ 'qﬂ Foy o Q‘f‘ ] [ X] : =
E, oyx qu Q,o ogf Y= Y9 Yo Yue y
T = =0l b cos(2t) — { }sanmt% @D T -
T Qo Qo, Qoo oo¢ Gox 9oy Yoo Gey ® x |
Ty \ Q"‘ Qﬁ Oge Qes ) [ $ec Yoy Yo 0o ] \? -

!

|

The units of the gradients are: |
t

f

onr, Qx,/ Q.,‘ ) Q”',‘ Qx| Q.’, Dyx ,Jyy 10 lbs/ inch

Qe Q"q’ ) Qo QW ) Gxe ;Gxp, Qyo, Gyg 0 lbs/rad;ian

Qux Q"i ) Qox QH s Gox ) Foy ) Gox . Fey in  lbs-inch/inch

Qe , st, Qfe) Q" ) Y00, %00, 990 ,9¢¢ (0 lbs-inch/radian |
The program searches for the threshold of instability by varying a reference '

value Qref’ representing the gradients of the timevarying magnetic forces

(see the above equation), but the matrices themselves remain unchanged in the

search operation. Thus, when Qref-l’ the actual operating conditions of the

alternator is encountered (or, in general, when Qtef'( Q,x ) , etc. is

input
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equal to the accual value.) i

The program provides for five possibilities: either give the full mat
shown, or any of the four submatrices. Which option to use depends on
type, and it is specified by means of the two coatrol numbers on card
KC (item 4) and the sign of KA (item 3). “

For the 4 pole honopolar generator or the two-coil Lundell generator .

sorth poles and the southpoles are in separate planes, the complete fo -

matrices are used (see Appendix I). In that case, set KC=-]1 and let K
The input -~onsists of 8 cards with 4 values per card:

(1P4E14.6)

KCm-1, KA> O .
Qe qu, Que Qx:p
Qu  Qy Qo Gy
% 0. G O

Yoo Jog
Jex I Yo

For the 4 pole homopolar generator it is found by the present analysis

on :-sz an= - 0?7 :*qw:—9”= "q‘f ’%x whereas the remaining gradie

¥
FIFrs

¥

3

For the heteropnlar generator unc .r load there are only timevarying for

no moments, i.e. only Qx,, ,Oy,,quand ?” are different from zero. Fur

Q,,FO” and 9xx=9yy . In that case, set KC=0 and let KA be positive, . .

4 cards with two values per card:
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1P4E14.6) KC=0. KA > 0

9 Gy

To increase the versatility of the program, there are three additionsl possi-
bilities. If the timevarying magnetic forces are proportional to the slopes
of the rotor and there are no moments, set KC»1l and let KA be positive,

and give 4 cards wich 2 values per card:

(1P4E14.6)
KC=1, KA2>0

Qo  Qp
)
9vo Ixp
Yo Yyy

If the timevarying magnetic moments are proportional to the rotor amplitudes

and there are no forces, set KC=0 and let KA be negative, and give 4 cards with

2 values per card:

(1P4E14.6)
KC=0, KA £ 0
Qox Qg,
Q’x (),’
Gox Qey
o ey

Finally, if the timevarying magnetic moments are proportional to the rotor
slopes and there are no forces, set KC=1 and let KA be negative, and give 4

cards with 2 values per card:

g 1P4E14.6)
KC=1, KALO
Qoo Omp
Qro  Qpy
o6 Yop
9¢a Qep
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Test Rng’c of anggtic thcc crndicesg

As explained under '"Magnetic Force Data" in connection with eq. (L.1), the
program searches for the threshold of instability as the zero points of two
determinants by varying a parameter, Qrcf’ which represents the gradients

of the timevarying magnetic forces and moments, The actual gradienis are
equal to their respective input values times Qrcf‘ Thus, the input values
for the gradients can be set equal to any velue proportional to the actual
gradients as long as the proportionality factor s the same for all the
gradients, and vhen Qt.l equals this propoftionality factor, the acthal
operating condition of the generator is encountered. In peorforming the sta-
bility calculation, Q"f should in general be allowed a much wider range than
the one corresponding to the actual generator operating condition. The range
of Q“f can ba spezified in two ways in the input. If NQ=0 (card 2, item 9)
an initial value and a final value of Qrcf is specified together with an in-
crement by which the program covers the specified range. Give one card with
3 values:

(1P5E14.6)
1. Initial value of Q“f

2. Pinal value of Qraf

3. Increment of Q“f

If NQ2 1 (card 2, item 9), the stability determinants are evaluated at speci~
fied values of anf' Give a total of NQ-values or Qref with 5 vaiues per card
according to tha format: (1P5E1l4,.6).

Bearina Data, Fixed Gecmetrx
R NS s M W

o 00 D 5

When the bearings supporting the rotor are not of the tilting pad type, set
NPD=0Q (card 2, item 6). Then the dynamic reaction for each bearing is repre-
seated in terms of 8 coefficients. In other words, introduce a fixed x-y-
coordinate system with origin in the steady-state position of the journal
center, and let the corresponding journal amplitudes be x and y. Then the
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bearing reactions F, and F,  are:
Py =Ko x = B, & -K,,”-B,,f,!{
Fy=~Kpx —Bu# —Kyy— By #

vhere the K's represent the bearing film stiffness and the B's reprd:enf thil
damping. Values for typical bearings are given in Volume 3 and Volume 4.

T2

If the bearing lubricant is incompressible (INC=0, card 2, item 7),‘th¢re nmust
be one card for each bearing (i.e. a total of NB cards, see card 2, Item 2),

On each card are 8 values:

(8E9.2)

1. Ky = spring coefficient, lbs/inch
2. aoB,,,, » damping, lba/inch

3. K,, = Spring coefficient, lbs/inch
4. GJB,’ = Damping, lbs/inch

5. Kyx = spring coefficient, 1bs/inch
6. wB,, = damping, lbs/inch

7. Kq, = gpring coefficient, lbs/inch

8. auB,9 = damping, lbs/inch.

Here, w 1s the angular speed of the rotor in radians/sec., or, in other words,
the four input values for damping gives the total damping at one per revolution,
not the damping coefficients. This 18 in accordance with the way these coefficients

are calculated from lubrication theory (see Volume 3).

If the bearing lubricant is a gas and, therefore, compressible, set INC=1

(card 2, item 7). Then the 8 bearing coefficients become functions of that
frequency, ¥ , with which the rotor vibrates (the effect of squeeze number.)

In calculating the stability determinants, the program calculates the rotors
frequency response for as many frequencies as specified by the number of harmonics

and, thus, it is necessary in the input to give the 8 bearing coefficients at
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these frequencies. Let the timevarying magnetic forces have the frequency {0
radians/sec (the ratio g is given on the "Speed Data" card, item 4). Then
it is necessary to evaluate the 8 bearing coefficients for (NHH )-frequencies
(NH 19 given on card 2, item 8). These frequencies, ¥ , are:

‘%: ° )%(8)’ (g)'g(g)lz(g)i - T ) Nit‘(g) (L.35

vhere é} is given by item 4 on the "Speed Data" card. It should be noted,
that when Y is different from & , the "W " in the four damping values,
CDB" ¢oB, wB and B , 1s still the angular speed of the rotor.

J y ) TPy e

Hence, for a compressible lubricant give (NH+l)-cards per bearing where each
card contains the values of the 8 bearing coefficients according to the same
format as given above for an incompressible lubricant. The first card is for
:I’, = 0 and the last card for &: = %BL%)

In this way, there will be a total of NB ¢ (NH+1l) cards with data for the bearing

coefficients.

Bearins_Data Tilting_ggd Bearing

W AR N ----‘.------ A N S A
When the bearings supporting the rotor are tilting pad bearings, set NPD equal
to plus or minus thz number of pads (card 2, item 6). The program assumes that

the pads are arranged symmetrical with respect to a vertical axis so that the

bearing operates with zero attitude angle. Hence, pads opposite each other operate

under the same conditions and have the same dynamic coefficients, and it would
be superflous to repeat the same input for two pads. The program is set up to
avoid such repetition of input. Furthermore, the tilting pad bearing may be
oriented in two ways. Either the static bearing load passes between the two
bottom pads or the load passes through the pivot of the bottom pad. In the
firat case, set NPD equal to the total number of pads. In the gecond case,

set NPD equal to minus the total number of pads (i.e. the number of pads is
equal to |NPD]). For each bearing the program requires input for NPD1 number of

pads:
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If N?D is positive (load between pldl):{':;g :Z:n’ngggfgtéf(:;g+1)~ :
1]

£ KPD 10 negative (Load on pad): { NP0 wven, WPDISL/2°IHEDLAL

Thus, for a four shoe bsaring where the pivots are 45 degrees from the vertical
load line, NPD=4 and NPD1=2, For a three shoe bearing where the vertical load
1line passes through the pivot of the bottom pad, NPD=-3 and NPDl=2,

Fach pad film is reprecented by 8 dynamic coefficients as defined by eq. (L.2).
However, here the x-axis passes through the pivot and the y-azis is perpendicular
to the x-axis. The origin of the x-y-system changes from pad to pad.

For each bearing there must be data for NPD1l pads. The first card for a pad
specifies the mass moment of inertia of the pad, the mass of the pad, the radial

stiffness of the pivot support and the angle from the vertical load line to the
pivot point:

(1PSE14.6)

1. The mass moment inertia of the pad with respect to the pitch axis divided by
the square of the journal radius, 1lbs. The pitch axis is the axis parallel to
the rotor axis through the pivot point.

2. The mass of the pad, lbs.
3. The radial stiffness of the pivot and its support, lbs/inch.

4. The angle from the static bearing load line to the pivét of the pad, degrees.

Then follows a card with the 8 pad film coefficients:
(8E9.2)

1. Kyx 1bs/4inch
2. wB,  1bs/inch
3. Ky 1bs/inch

4. wB,., 1bs/inch
- 150 -
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5. Kg  1bs/inch . S A e
6. wBy  1bs/inch . | S
7. Ky  1bs/tnch |
8. wBy  1bs/inch

If the lubricant is incompressible (i.e. INC=0, card 2, item 7), there is only
one card'ber pad with ' bearing coefficients. However, if the lubricant is
compressible (INC=1l), there must be (NH+l)-cards per pad with coefficients

(for explanation, see "Bearing Data, Fixed Geometry”). Thus, for each pad there
are either 2 input cards or (NH+2) input cards. Since the program requires data
for NPD1 pads, there are either 2:-NPD1 or (NH+2):NPD1l cards per bearing. With
NB bearings, the total bearing data input requires 2.NPD1-NB cards 1if INC=0,

or (NH+2). NPD1+NB cards 1if INC=l.

COMPUTER OUTPUT

Referring to the later given calculation whera the output from the computer is
shown, it is seen that the program output denotes the first couple of pages to
8 liating of the input values. Thereby any errors in the input are readily
spotted. The input values are listed in the same sequence azs the one in which
they are given to the program. The only input data which are not repeated, 1s
the card specifying the speed data and the card (or cards) specifying the test
range of the magnetic force gradients.

After the listing of the input data follow the resvlts of the calculations.

FPor each rotor speed there will be a 3-column list. The first column lists the
reference valucs of the magnetic force gradient (i.e. Qraf)' It 1s labelad
"QXX" in the output. For each value of Qref’ the values of the tvo stability
determinants are given. The first determinant, labeled "EVEN DETERM."”, is the
stability determinant for even indices (see eq. (J.25), Appendix iX),and the
second determinant, labeled "ODD DETERM." is the determinant forodd indi-~es (see
eq. (J.28), Appendix IX). Usually, the odd determinant is the one of greatest

interest. It 1s thz one that defines the instability zones centered at

-~ 151 -

5iA st Xt ~
0 v

Py

~
~

~



;::;J:“

rd v . e,
e ol 1 @am ikt ettt} P

i e

B
+

&g‘ Z, % ’ f- ' ;, = = = (A 1s the frequency of the magnetic forcas and
Wergeica) TEPresents the critical speeds of the rotor-bearing system). If the
speed of the rotor i{s W , these instability zones are centered at:

2 R

=

vhere (&) is the fixed ratio between the magnetic force frequency and the rotor
speed, specified in the input (see Item 4, "Speed Data"). Of these instability

zones, the first one is by far the most important except in very unusual circum-
stances. .

The even determinant defines the instability zones centered at:

.
)

w

e
i
£
- = wie Vie o=

Whenever one of the two determinants is zerc, the corresponding value of Qref
defines a point on a boundary between a stable zone of operation and an unstabdle
zone. The results do not indicate on which side of this boundary the system 1is
stable or unstable. Hence it is necessary to perform calculations at sufficiently
many rotor speeds to make it possible to draw up a stability map in the neighborhood

of the operating speed.

SAMPLE CALCULATION

To illustrate the use of the stability computer program, a four pole homopolar
generator vith a turbine drive has been examined for stability. The rotor bearings
are gas lubricated, and with a bearing stiffness of approximately 200,000 lbs/inch.
The first three critical speeds are at 14,700 rpm, 16,000 rpm and 34,630 rpm.
Because of the change in stiffness with frequency, these critical speeds are not

the same for all harmonics. Calculations are performed over a speed range of
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10,300 rpa to 20,300 rpm in ircrements of 1,000 rpm and the magnetic force gradi-
ent ranges from 0 to 1,000,000 in increments of 10,000. The resulting stability
map is shown in Figure 20 . Three stability boundaries are well defined, labeled
1, 2 and 3, respectively. Boundaries 1 and 2 derive from zero-pcints of the

odd determinant and are centered around the first and the second critical speed
such that the rotor is unstable for operation between 15,200 rpa and 18,000 rpm.
At the boundaries, the determinant actually crosses zero and the program then
automatically interpolates to {ind the accurate value of Qref at vhich the
determinant becomes zero. Boundary No. 3 derives from zerc points of the even
determinant. In the output this determinant is never exactly zero but it 1is
readily seen that the determinant has a minimum point whose value is equal to

zero considering the numerical sccuracy of the computation. In addition, discrete
points of another boundary, labeled 4 in the map, have been obtained at 10,300 rpm,
11,300 rpm and 12,300 rps. They derive from the zero-points of the odd determi-
nant (the determinant has a minimum at these points). They are probably induced
by excitation of 1/3 of the third critical speed in whizh case they would define
an instability zone centered at 11,540 rpm, but more detailed calculations

are needed to obtain a closer definition of this zone.

When the bearings are assigned théir proper damping values it will be found that
all the stability boundaries move upwards in the stability map such that, as an
example, the two branches of boundary 1 meet and no longer reach the abscissa
axis. However, if the rotors operating speed is within any of the indicated
instability zones, although the bearing damping may stabilize the rotor, the
stability margin must be congidered swmall, and even if the rotor 1is not exactly
unstable, the system is "weak' in the same gense as a system operating at its
natural frequency whose amplitude is controlled solely by the damping available
in the system. Therefore, operation within the inscﬁbility zones indicated

in Fig. 20 should be avoided.
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INPUT FORM FOR COMPUTER PROGRAM s
PNO351: THE STABILITY OF A ROTOR WITH TIMEVARYINGC MAGNETIC FORCES J: peu
Card 1 (72H) Text j
- Card 2 (1215) 1 -
_ L
= 1. NS = Number of rotor stations (NS+#£ 10) I
2, NB = Number of bearings (NB€10) ; '
3. KA {RA|=Rotor station number at which magnetic forces sct i
KA> 0: forces only, no moments . ;‘
KA<0: moments only, no forces } KC30
EA> 0, KC=~-1: both forces and moments
4. KC KC=0: the magnetic forces or moments are proportional to amplitudes ’
KC=1: the magnetic forces or moments are proportional to slope ’
KC=-1: there are both magnetic forces sand moments 7
S. NRP NRP=0: bearing pedestals are rigid, no pedestal input data
NRP=1: flexible bearing pedestals, pedestal input data required |
6. NPD NPD=O: fixed geometry bearings ‘ ‘
NPD® 1: number of pads in tilting pad bearing, load between pads ‘
NPD$-1: |NPD|snumber of pads in tilting pad bearing, load on pad :
= 7. INC  INC=0: beaf:ing lubricant is incompressible —
= . INC=1: bearing lubricant is compressible ;
- 8. NH = Number of frequency harmenics in stability calculation (2 €NH%20) ]-'---
i 9. NQ NQ=0: give range of Qref’ program increments l_;:—nﬂses

NQ21: give NQ-values of Qs
10. NSP = Number of speed ranges with accompanying data (NSPal)
11. NPIA NDIA=0O: rotor impedance matrices not included in output
NDIA=1: rotor impedance matrices included in output
NDIA=-1: diagnostic ’
\ 12, INP INP=0: more input follows, starting from card 1
INP=1: last set of input data
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Card 3 (1PSE14.6)

1. YM » Youngs modulus for shaft material, 1b'/1nz

2. DNST = Weight demsity of shafr material, lbs/in’

3. SiM =« « G, where G is shear modulus, lbnllnz, and o is shape factor
for shear. .

Rotor Data (8£9.2)
Give: NS cards with 7 numbergon each card:

1. Mass at rotor station, lbs.

2. Polar mass moment of inertia at rotor station, lbo-inz

3. Transverse mass momenf of inertia at rotor stationm, lbnminz

4. Length of shaft section to next station, inch

5. Outer shaft diameter for cross-sectional moment of inertia, inch
6. Outer shaft diameter for shaft mass, iach

7. Inner shaft diameter, inch.

Bearing Stations (1715)

List the rotor stations at which there are bearings, in total NB stations

Pedestal Data (8E9.2)

This data only applies when NRP=1 (card 2, 1im 5). Give a total of KB cards
with 6 values per card:

1. Pedestal mass, x-direction, lbs.

2. Pedestal stiffness, x-direction, 1lbs/inch
3. Pedestal damping, x-directior, lbs-sec/inch
4., Pedestal mass, y-direction, lbs.

5. Pedestal stiffness, y-direction 1bs/inch

6. Pedestal damping, y~direction, lbs-sec/inch

Note: The following data must be repeated NSP-times (Card 2, Item 10)
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Speed Dats (1PSE14.6) v R .
Give one card with 5 values: |

1. Initial speed, rpm

2. Final speed, rpm

3. Speed increment, rpm

4. Ratio of magnetic force frequency to rotor speed

5. Scale factor for determinant (set equal to mass of rotor)

Magnetic Force Data
Card (1PS5E14.6)

1. Static gradient of magnetic force, Q, , lbs/in
2. Static gradient of magnetic moment, Q; , lbs~-inch/radian

Cards (1P4%14.6)

a, 1f KC=-1 (card 2, item 4), give 8 cards with 4 values per card:
Q" 0!0, on Qx,
O Oy QO
G Q4 O @,
O Gy Qo O
P by e Gy

9o Yy Gy Gy
P oy Yoo Foy
420

Thcse are the gt.aéients of the timew'/aryingfm’agnetic forces and moments:
Qn,’ 0,," 0,,, ’Q” ; §xx, ?17,97:, ?q, in 1bs/inch
on, Qx,, an, Qa,y, Qx., ?xy, ‘i,., ?l" in 1bs/radian
oox, 007, Ofx, Q”, %x,‘}.,, ?ﬂ;?f’ in 1bs-inch/inch
qu Q.,, 0,9, Q", 94, 49?, 49e, 9¢g in 1bs-inch/radian
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b. If KC=0, give 4 cards with 2 values per card

mwo <0
-. Qer Qn o o,
% Qy G Oy
b 4y for %oy ;
c., If lc-gjrgi;zqz cards with 2 vnlue-7;:z czzz ;
K20 <o !
| Qe Oy Qo Qog
| Qe Qyy Qe Qoo “1
fxo  9x¢ Yoo q’f i
o B4¢ Feo  Yer

Test Range of Magnestic Force Gr dients (1P5E14.6)

8. If NQu0 (card 2, itum %): Give 1 card with 3 values:

1. 1Initial value of Qtef
2. Final value of Qref

3. Increment of Qtef

b. If XQ21: Give cards with 5 values of Qg¢ Per card, total NQ-va'. s

‘Bearing Data, Fixed Geometry (8E9.2)

Applies when NPD=0 (card 2, item 6). If the lubricant is incompressi - (INC=0;
card 2, item 7;, give one card per bearing. If the lubricant is comp - sible
(INC=1), give (NH+1)~cards per bearing (NH is item 8, card?). EBach zr gives
a set of B bearing coefficients:

1. Spring coefficient Kx:' 1bs/inch
2. Damping @Byx , 1bs/inch
3. Spring coefficient xiy’ 1bs/inch
4. Damping @Bxy , 1bs/inch
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3. Spring coefficient x,x, 1be/inch - .. L R AL :fé;j =
6. Damping w By, 1bs/inch St A
7. 8pring coefficient Kyy, 1bs/inch ~ =~ 23 S
8. Damping “’nyy » lbs/inch T e el s

Bearing Dats, Tilting Pad Bearing S I

Applies when NPD # 0 (card 2, item 6). Define the number NPD1 by:

. [ NPD even, then: NPD1=1/2-NPD
if NPD21 (load between pads): { NPD odd, then: NPDl=1/2-(NPD+1)

. [ INPD| even, then: NPD1=1/2+|NPDj+1
if NPD&-1 (load on pad): { INPDI odd, then: NPD1=1/2 +( {NPDI +1)

NPD1 is the number of pads for which input is required per bearing. If the lub-
ricant is incompressible (INC=0; card 2, item 7), give two cards per pad. If

the lubricant is compressible (INC=1l), give (NH+2)-cards per pad. In either
case the first card is:

(1pSE14.6)

1. Pitch mass moment of inertia divided by the square of the journal radius, 1lbs
2. Pad mass, lbs

3. Radial stiffness of pivot support, lbs/inch
4, Angle from bearing load line to pivot point, degrees.

Then follow 1 card if INC=0, or (NH{-1l)-cards if INC=1, with the 8 dynamic
coefficients for the pad:

Cards (8E9.2

1. Spring coefficient Kxx’ 1bs/4inch
2. Damping OJBxy. 1lbs/inch
3. Spring coefficient ny, 1bs/inch
4. Damping wB,,, 1bs/iuch
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; | 6. Damping WByy, 1be/tnch R TP DD
; 7. Spring cosfficient l”. 1bs/inch = & v ghivsi i
8. Damping OJB”. lbe/inch T

These (NH+2)-cards must be rapeated NPD1 times per be;ring. and there must be
one complete set for sach bearing (there ars NB bearings). _

e,
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B el s 2

ovE - €PN SOURCE STATEMENT =~ fFNIS) = .  _ .
€ . 3-14-67 J.LUND MECHANICAL TECHNOLOGY INCe
€ PN3S1=ROTOR STABILITY WITH MAGNECTIC FORCES

o
DIMENSION RMI10C), RlP'IOO)URL‘100’0'5(IOO,QRU‘IOO’QQDCtOO"
ADVXA(100),0VX8(1C0),0VXCI100),0VXD(1060),DVYAL200),0VYB(100), .
20VYC(190),0VYC(1C0),0VUX{100),DVUY(100),0MUX(L100)+OMUY{L100)y = .« :., ¥
38101000 ,R2(109)1,830103),841100)¢05(100),86(100),87(200),88(1008, - .- . /10 o7
489(100)4RLOTL0I)osPMA(L10)PKXIL1C) POX(10)oPHYIL10)PXY{L10}POYI10}s" SR PR
SSXX(10),0XXLE10), SXYI10)'D‘Y‘lﬂ’gsvllIO"Dvx‘IO)'SYY(‘O’ODYY'lO’Q R L
6QLST1200)sLBI1O) s EMXALLI00),RIT{100) e Co e
DIMENSICN BKil(10021’!3C3X‘10021"le7(1002i)cﬂClY|1°021" o ‘
1BKYX(1D,21),BCYX{20921),8KYY(10421),8CYY{L10,21),PMIN{10,5), P
2PADM{10,5) PACK{10+5)9PANG(10,5) ¢yDEVN{B,8),DEDD(8,8),CHRI4,85, e T
SCME{49B) JAMR(By8) yAME({B,8) o WR(858) ¢WE(B,8) yWA(B8)eWB(4y4),. ;
ANCC Tl ) oURIBYBIJUELB,B),EMRIG,4) ) EME(4H8) WG 4,4),UHSQ(6,44)
DIMENSION PKXX{1095921)oPCXX{1095921),PKXY{10+5,21),

. APCXY(1095921)9PKYX(1095,21)4PCYX{10+5921)9PKYY (10054210, .-
2PCYY(1J:5+21)9GRI494421):GE(4,4,21) e - i
WRITE (6,99} . N A {

190 READ (5,1C2) :

READ (5,101) NS, .NB, KAy XCo NRP, NPD, INC, HH, NQ, NSP, NDIA, INP B |
READ (5,192) YM, ONST, SHM ‘ A ¥ 3
WRITE(S,1003 . » - BN & 4
WRITE(64103) ’ : , SN
URITE(O.IDQ)NS'NBpKA.KC.NRPgNPD,lNC.N",NQ,NSP'NDll INP - 19
WRITE(6+105) :
WRITE(69102)YM,DNST s SHM . -2k
ONST=2ENST/386.069

NSlaNS-1

NH1=NH+1

IF(KC) 196,195,195 '

195 KQl=4 . o
KQ2=2 » : S
‘03.6 : [ N .
60 TO 197

196 KQls=8
KQ2=4
KQ3=8

197 IF(XA} 198,199,199

198 KB=~KA :
GO TO 200 L R i

199 KB=KA o 0, fo g

200 WRITE(56,110) . 37 !
WRITE(64108) 38
DO 203 J=1.NS ' :
READ (5,106) RM{J), RIP(J), RIT(I),y RLEJD, RSTJI), Ru{I), RDUJ) 61
WRITE(65107)J9sRMIJ)RIP(IIZRITIJI+RLIIISRSIJI4RHIJI)IHRD(J) 49
RM(J)=M(J)/386.0¢89
RIP(J)ISRIP(J) /3864069
RIT{J)sRIT{J)/38B64069
Cl=0. 069087385‘Y"‘|RS(J)“6-RD(J)“4’ ‘
RW(J)I=Q.78539816%ONST#(RW{J ) **2-RD(J)s*2) r‘
C291.57079538SHM#{RS{J)*#2~RO(J)**2)

RS(J)=C1
1IF(C2) 292,202,201
201 RD(J)=Cl/C2

peocit

ek ! Lt
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L3 ONE " BN SOURCE STATEMENT.. ~..tswts) vo. -
€0 T0 203 : Lo
”2 '0(-”-0.0 TR Y;"'*'"v"""' ot FOY e s
203 CON?INUE : ‘:;}yrn R T S T
READ (3,101) (LB0d),0n,m8) | 7T RIS
nl"'°'l°” ‘ . ‘ : ,‘ R S S S [ e :‘_J'~-v"\
lllelelOlt(LB(J).Jtloﬂl)L‘vt‘ M e e AT
IFINRP) 210,210,204 RS S S
204 WRITE(4,111) T P S «
00 203 Js]1,N8 ‘

READ (5,106) PHX(y)y PKXCJ), POX(J), PHYIS), PRY(I), POY(Y)

lﬂlelbolOTlLl(Jl.PﬂX(J).PKX(J)cPDX(J)oPﬂviJioPIV(J)c'DV(Jl‘

PAXC I VePUX(S) /386,069
203 PHY(J)ePHY(S) /386,069 I

. 210 1FiNPD) 214,217,211 . LT e
213 IFLINPD/2) 02-5pPD) 213,212,212 L
212 NPOL=NPD/;

NPD2n-2
GO TO 217
213 NPDL=(NPD+1)/2
NPD2w~]
60 70 217
214 NPDLla~NopD
'F‘(N'Dl/?l‘Z'NPUl’ 216,215,215
215 NPDL=NPD1/2+4]1 i
" NPD2=0Q
60 Tg 217
216 NPDL=(NPD1+1)/2
NPO2=]
217 NSPla])

230 REAOD (5,102) SPST, SPFN, SPIN, SFR, SCF
READ (35,102) @z, Qzp
MRITE(6,113)

WRITE(6,114)

WRITE(8,102)Qz,Q2P

MRITE(6,115)

00 218 I=}1,xqQ2

READ (5,133) (WQ(1sJ),0e1,K02)

UleE(6'l33'|HQ‘lrJ’pJ'viQZ,
218 CONTINUE

WRITE(6,1226)

00 219 1=3,KQ2

READ (5,133 (WSQ(14d),d2],K02)

HRITE(6v133l(HSQ(loJ’oJ‘loKQZ’
219 CONTINUE

IFENQ) 231,231,232

-231. READ (5,102) QsT, QFN, QINC
33

GO 10 2
232  READ (5,102) (OLSTEI ), J=1,NQ)
233 SFR1=20,0523593789SFR
WRITELS,116)
IFUING) 242,241,242
—-281 K1=]
GO 7O 243
-242 Kl=NH1
243 D0 255 J=1,NB
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[P

AW

TE TRy e
N

GYE -

WRITE(S,1171Lm(y)
{E(4PC) 257,244,250
268 WRITE(8,1019)
DO 248 Is}],x]
K2a]-)
" READ (5,108) eXXX{Jy 1),
18kYx{J4,1),

1'CVK|J'!).BKYY‘J.I)QRCVY(J||)
243 CONTINuE
IFLINC) 255,246,255
246 00 26T I=2,NH]
BRXX(JeTIBKXXTJ,1)
BLXX(Je1)=RCXXEJ,1)
BKKY‘J'I"BKXY(JQI,
BCXY LIy I )mBCXY{Y,1)
BRYXE Do )aBKYXIJy1)
BCYX{JoI)nBCYXLI,1)
BRYY (s I )uAKYY{ J,1)
247 BCYY{Jy1)=BCYY(J,1)
60 TO 255
230 00 254 Ks1l,NPC)
WRITE(6,119)K
WRITE(6,120)
READ {5,102) PMIN(JoKY,

PNIN(J.K)-PHIN(JoK)/386.969
FADH(J-K)-PADFIJoK)I3Bb-069
PANG(J.KI'O.Jl7§532)5‘PhNG(J'K)
WRITE(6,118)

N0 251 I=},K1

K2=1~)

IPKYX{J,K,s1),

251 CONT INyE
IFLINC) 254,252,254

252 DO 253 [=2,NH)
PKXX(J.K.'D*PKXX(J:K)])
PCXX(J.K.[)'PCXX‘J.K.I,
PK!Y(J.K!I"PKXY(J.KQI)
PCXY‘JQK:I)’PCXY(J.K,I)
PKY!'J:K.I)‘PKYX(U.KQ])
PCYX(J'K'["PCYX(JQK'I)
’KYY‘J'K'I)’PKYY‘J'K'I’

253 PCYY‘J.K.!"PCYY'J'Knl)

254 CONTINUE

255 CONTINUE
SPD=5pST

260 WRITE(6,121)SPD
SCF120.1047197648PD

! SCF1laSCFeSCF1sSCF]

00 519 IH=],NNM]

NF={§=t

HNaNF

———

PN Soulce STatEmENt .. grwgs) o

D e e R

BCXXtJSel), B8KXY(Jde1), 8CxY(J, 1},
BCYX(Jet), AKYY Jy1), 8CYY(4, 1)

HRIYE(&-XJ?IKZ.BKXX(J.l)'BCIXlJ,l).BKlYlJol)plCXYlJ.!’.llVl(Jolio'

PADM{JsK)y PANK(J,K), PANG( J4K}
'RITE‘GGIOZ,PMIN‘J'K'QP‘O"‘J'K)!P‘DK(J,K,'P.NG‘J'“’

READ (5,195) PKXX(JoKp 1), PCXX(J.K.[). PKXV(J.K.')'PCXY(J'Kol,’
PC'X'J'K")O PKYY(J,K,"'
HRlTE(G.107)K2,PKXXlJ.K.ll.PCK‘(J.K.l).PKXYiJ,K.!),PCXYlJ.K.l)'
IPKVX‘JOK'['OPCVX‘JQK'l,vPKYY(J’K'l,cpCYV‘Joxvl’

PCYY(JyKoel)
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+ FRQaHNSSPOSER]
FQ2«FnQerrg
NNLoHN/ 2 OSSR
IFINDIAY 401,402,401
401 WRITE(S,122)NF, FRQ .
WRITE(6,123) e vt
NRITE(S,124) ) L
402 00 425 Jel,NB BN A
EFINPD)404,403,404
403 D1BKXX{J41IN)
D2=8CXX1 3y IH)SHN]
03eBKXY(J, IH)
D4=BCXY(Jy TH) *HN]
03=8KYX( Sy IH)
D6=B8CYX(J, IH) *MN]
DY=BXYYI I, IH)
D8=8CYY(J, IH) sHN]
60 TO 4l1s

. 404 O1=0,0 .

02=0.0 .
03=0,0 :
D4=0,0
05-0.0
06=0,0
07=0.0
00-0.0
DO 415 I1=1,NPC)
CI'FQZ‘PNIN‘J'(’
AL»PKXX{JIo1, 1K)
‘Z'VC!K(JOlOlh)‘NNI
A3sPKXYL S, 1, IH)
‘Q.PCXY(JO'OIH’OHNI
AS=PRYX(J, I, INH)
AS=PCYX(Jy T, 11} *HN]
ATaPKYY(JSy 1, 1H)
AB=PCYY(Jy 1, Ih)sHN)
C2=A7-C}
CSOPADK(J'li-FQZOPADH(JQl)
CénaleCa
CS'CQ‘CZ"!‘AB-l!?l"l&‘lb
CG'CQ‘AB0C2‘12‘l3‘lb"5‘44
CT=CSeCSeCo9Cs
CllR'CJ‘(C5‘C20C6‘ABIIC7
CllG'C31|C5‘AB-C6‘CZ)/C7
ClZR'Cl‘(C"AJ’CG‘A#)IC7
CIZE‘CX‘(Cs‘A4~C6‘A3’/C7
CZIR"C3‘(CS‘IS*Cb‘Ab)/C7
CZIE'C3‘(C6‘AS-C5‘A6'/C7

. CZZR"CI‘(C5‘C40C6‘A2IIC7
CZZE'CI‘(C&‘CQ°C5‘AZ)/C7

. DKXX'CIIR“I‘CZIE‘AZ'CZIR‘AJ*CZ]E‘A‘
DCIXICIlR.124C1IE‘AI0C21R.AQ‘CZIE‘A3
DGXY-CIZR‘A!'CIZE‘AZOCZZR.A3'CZZE‘AQ
OCKY.CIZR‘AZOCIZE‘A1‘C22ROA40C225‘A3
DKYX'CIIR.As-ClIE‘I60C21R‘A7-CZIE‘40
DCYX-Clll0460CllE‘lS’CZlR‘lO‘CZlE'A?
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R

P

R T

408
406
407
408
409

410

415
416
L) ¥4
420
421

422

tae

- €PN SOURCE STATENENT.r 1EWIS) =

DRYYsCL2ROA5-C 1 2E0A6+C22RSAT-C22ECAS
DCYY=Ci2T8404CL2E0A54C2230A84C22E9AT

£3PANG(Jo 1)
€1=Cus(Cc )
C2=SINI(CY)
CasCleocl

‘€SaC20C2
ALl=DKXXSCH+OKYYOCS
A23DCXRECANCYYSECS
A3=DKXYSC4L-DKYXSCS
A4sDCXYSCH-DCYXECS
AS=DKYXECA~-DKXYECS
AG=DCYX*CA~-DCXYSCS
AT=DKYYSCA+OKXXSCS
ABsNCYYSC44DCXXSCS
IFINPC2+1)
(F(1-1)
1F(NPD2)

51,405,455
42644364427
409,409,464

J

IFUL1=-NPD1) 410,408,438

IF(NPC2)
Dl=D]eA}
D2=024+42
D3=D3eA)
D4=Da+AS
05=035¢A5
D6=Do+AS
DT2DT+AT7
08=0D8+A8
GO TOU 415
Dl=D1+ALl AL
N2=D02¢A2+A2
D3=D3+4A3+A3
DAsD4EAL AL
D5:05¢A5¢A5
N6=DO+AL+AS
DT7=DT7+AT+A?
08=D3+¢A8¢4A3

CONT INUE

IFINDIA) 457,427,
WRITE(SyLUTILA .
TF{NRP} 421,42
SXX(J4)=D?

DXX{J)=D2

SXY(J)=D3

OXY{(J)=D4

SYX({J)=nS

DYX(JI=DS

SYYL{J)=DT

DYY(J)=08

GO TO 425
Cl=PKX{J)=FQ2sPMX(J)
C2=PKY(J)=FQ2ePMY(J)
C3aFRQ*POX(J)
Ce=FRQ*POY())
C52D1+C1

Co6=DT¢C2

4104439,429

2eNI Ny NS5,D064,NT,NH
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ERVERR TS T TS
one - erd 3OuRCE SYatEmgWt - fENIS)

- I E
Was PN L eyt

‘1'02“’ ;,A‘Z'jtc . 'ti"ﬁ.v T e 2T

Co=08 (s

AReC36CH~CT0CR~02405+04008
A2nC30C8+C64C1-030D6~DASDS
COsAloALA20A2 .

.ASeCleCe~C3eCE

425

442

443

A4sC1eC8+C3I9CH

CliRo(AISAL¢A4SA2)/CY
Cl1Co(AMPAL-A30A2) /9

A3=C2903-C4004

A44=C23049C42D)

ClIRs=(AISAL¢A42A2)/C9
Cl2Ce=iA40AL-A30A2)/0Y

A3=( 1005~CI*D6

AbeC ] o046 ¢C3003

C2lAe= AJSAL+A4OA2)/CY
L21Be={iseA]-A30A2)/C9

AXsC28C3-Co0CT

A4aC2eCT+CHCS

C22Nn{AISAL4A44A2)/CY

C22E+ (A4 AL -A3SA2)/C9
SXX{JI>CLLIR$01-C11E¢D24C21R203=C21E®DS
DXAR(J)=CLIR*D2+CL1ESDL+C21RSC4+C21E20]
SXY(J)eCLl2R*01~-C12E¢024C22R*NI=-C22E D4
OXY(J)=CL2R*024C12E4N] +C22R804 4 22E2D)
SYX{JisClIR*DS-CLl1E*D6+C21R*07-C21E*NS
OYX(J)=CL1IRSD6+CLLIESDS+C21R*08+C21ESDT
SYY(J)=C12ReD5-C12E406+C22R*DT7~C22E¢0D8
OYY(J)=C12R*D6+C12E€D54C22RS08+C22E07
CONT INVE

DO 449 J=],NS1

Ci=RSlJ)

C2=FQ2*rulJ)

C3=R0{J)

C4=C2/C1

CS=SQRT(CA) o,
C6=SQRT{CS5)

CT=sRL{J)

IFIC60CT=0.03) 441,441,442

Ca=C2%C?

81(J)=1,.0

B2tJ)=1,.0

B3(J)=CT

861J)=CT7/C1

Bal(J)nB6{J)/2.00C7
BT(J)=84(J)/3.08C7~CI*CT/C182.0
R5(J)=C2087(J)

88(J)siB

B9(J4)=C3/2.0¢C7

B10(J)=83(J)/3,0¢C7

GO TO 449

C8=C38C32C4

C9sC39CS

IF(CB ~0.0002) 443,443,444
C3=1,0¢0.5¢C8

GO TO 445
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-. doreac e sy
evE ~ EFY  SOURCE STATENENT

44 CB-S2%T(1,5¢CH)
443 A5+C50(C8-C9)

4535

436

A$=CS¢({C84C9)

A¥sAS oAl

‘AIsSYRTIAS)
A4=SQRT( AS)

AT=A384%

ABsA40As

‘AlsA3sC?

AQ=A4eCT
D1=COStA2) /a9
02sSIN{A2)/7A9
DS=s€EXP(AL)Y

D4=1,0/05%
N3=),5¢(D5+04)/A9
0423,5¢(05-04)749
B8l{J)=A5803¢A4%D]
B82(J)=4a69D3+45¢D1
83(J)=A3%064A4502
88{J)=C24B3(J)
84(J)=(D3-0i)/C1
89(J)=C2e(n3-C1)
85(J)aCS*(A4eCa-A3202)
810(J¥=C1e35(J)
C8=CjisCS
B6(J)=(ARSD4LsATEC2)/CS
B7(J)stATeD4-ABSC2)/C2
CONT INUE

00 455 J=] NS
Cl=FQ2*RN(J)
DVXA{J)aC)

Dyva(J)=Cl

oVYxXa8(J)=3,0
DVXCtJ)=3,)
DVXD(J)=0,.2
DVYB(J)=0,.)
ovYC(J)=Q,.0
OVYD(J)=0,D
DMXACJ)=FQ2*RIT(J)
OVUX{J)=0.0
OVUY(J)=9,0
DRUX(J)=D,J
DMUY(J)=20.0

DO 456 J=]1,NB8

KisLB(J)
DVXA(K1)=OVXA(KL)=SXX(J)
OVXB(KA)=DXX(J)
DVXCIKL)=SXY(J)
DVXDI{KL) =OXY({ J)
OVYAIX1)=OVYA(KL1)=SYY(JS)
OVYBIKL)=0YY(J) -
OVYCIX1)=SYX(J)
DVYD (K1) =DYX(J)
OVXA(KB)=OVYXA(KB)+Q2Z
OVYA(KB)=DVYA(KB) +QZ
DMXA(KB)=OMXA(KS)+QZP
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P

one. = €M SOURCE STATENENT =~ (FM(S) =

D0 483 [=1,XQ)

441
462

464
445
6
47
463
469
470
M

72
4715

476

477

T 3ARC=Y,0

BNX3=0Q.0

SRYC=0,0

SNyS$=0.,0

¥aC»0.0

VRS=0.0

YYC=0.0

VYYSsQ.0

XC=0.0

X$=0,0

¥C=0.0

YSu0.0

OXC-0.0

DAS=0,0

0YC=0.0

0Y$=0.0

OYUX(K8)=0,0
DVUY(£B)=0.0

OMUX (K3)=0,0

DMUY (XB) 30,0 :
GO TOI46194620463,464,46502899488,4T72),1
xC=0,001

GO TO 475

YC=0,001

GO0 TO 4718

0XC=0,001

GO TO 475

0YC=0,001

GO TO ATS

IF(KC) 467,466,486
IFIKA) 468,467,467
ovuUXIX8)I=1,0

G0 TO 475
CMUXIRD)=l,0

€J TO 475

IFIKC) 4T1,4T0,470
IF(XA) 4T2,4T71yn7)
mvuUY(X8)=1.0

GO TO 475
BAUY(KB)=1.0

D0 483 J=L NS
Cl=DMXA{ )
C2sFRQeSPOIRIP(I)
IF(JI=KB) 4TTy4T6,477
CHR(1,1)=xC
CHE(L,[)=XS
CAR(Z2,1)=YC
CREL{241)=YS
CHR(3,1)=DXC
CME(3,1)=0xS
CHR{4,1)=0YC
CME(4,1)=DYS
AleBMXC-Cl*DXC-C2*0YS-OMUX(J)
A2=BMXS~C1leOXS+L2%NYC
A3sBNYC-CloDYCeC2eNXS-OMUY(J)
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o Rt

L4 ]

489

485

486
460

481
457

458
492
483

ey
P P

ovE - zFy  $OURCE STATEMZNT' <7 tEN(8) -

AbeBNYS~-CLleDYS-C2eDLC

ASeVXCAOVAA(J)XCONVXBIIIOXS-DVXCIIIOVCHOTXDL ) OYSHOVUXISD
RAGSY¥AS-DVXB(JICKCHTYXA(J)*XS=DNVYXN( $)eYCDVXCLIII6YS’
AT=VYC=CYYCIII€ICoCYYO(IIOXSDVYALSISYCHOVYB(IISYSEOVUYL Y)Y

ABsVYS-BYYO(JIEXC-DVYC(JISXS~0VYB{JISYCHDVYALI)OYS
IFINS=8) 861,452,673

Cl=xC

t2sxs

C3=YC

Cé=vS

BNXC2C1#BI(JI+OXCSBLIS(II+ALSR2(J)¢45083(Y)
BMXSuC2¢BI(JIeDXS*BIN(IISA2382(J)+A63R3(Y)

BNYCaC3sHY(J)eDYC*BLI(JIeA3082(J)eaTeB3(S)
BHYS=CHeBI(I)4DYSHALU(IIeALER2( J)eA8%BI(S)

VXCHC13831J)¢CXC*BI(S)+AL®B5(J)¢ASeB1( )

VXS=C2-B8(J)eCXS#LI(JI+A2985(J) +ab*BI(J)

VYCaC388A(J)¢CYCHDI(J)+A3SB5(J)+ATSBL(J)

VYSaCA8BI(J)+CYSEEI(I) ¢ALIRS{ J)+AR0R1(J)

XCoCl#RL (J)eDXC*BI(I) 4ALEBLII)+AGSBTLI)

XS=C228L L) ¢DXSPR3(J)ea20B4{J) 2A62BT(J)

YC=C38A1(J)eDYCEBI(J)L¢AISBG(J)+ATEBT(Y)

¥S=C49B1(J)eDYSSRI(J)IALSBL{II¢ASSAT(I)

DXC1C1®B5{J) +CXCOB2{ I} ¢ALSRE(I) ¢ASRE4(J)

DXS=C2#B85(JI+CXS*B2(J)+A2886(J)+A6¢R4L 1)

OYCaCI*BS(JI+LYCOR2(S)+A3€RG{I)+AToB4(I)

DYSaC4SBS{J)+LYSOBZ(I)+ALERG() ) +AB2B4(Y)

CONT INUE

AMR( L T)=Al

AME( Lo 1) =A2

AMR(2,1)=A3

AME(2,1)=A4 *

AMR(3,1)=A5

AME(3,[)=Ab

AMR( 4, [} =AT

ANS(4,1) 243

CONT INUE

DO 486 J=1,4

DO 486 I=1,6

WAL, J)mAMRIT4J)

WELL o J)=AME(T,4)

CALL MATINV(WR,4,WCCyOsOVN,IC}

GO TOU481,4560),I1C

WRITE(6,130)

WRITE(S6,131)NF, FRQ

GO TO 519

IF(NF) 457,457,482 -

D0 458 Is]l,4

D0 458 J=l,4

AME(1,4)=0.0

URTIJI=WR(1,J)

YE(1,4)=0.0

GO TO 459

CaLl MATINV(WE, 4,WCC,0yDED, ID)

GO TO1683,457), (0

D0 488 I=1,4

0C 488 J=1,4
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oM T - EFM SOURCE STATENENT - 1FWISS

Cl=0.0
Of 487 K»],4 s SR
487 C!'CIMFhKD‘AN&H.J)WC(lol"AﬂlﬁoJl . h
488 MAli,4)=C) . :
CALL nnnvtu.b.ncc.a.m. 189
G0 TO (7024701010
701 WRITE(6,137)
WRITYE(S, 131 )NF, FRQ
G0 1O %519
702 DG 490 I=1.4
CO 490 J=l,é
CI'QOO
£2=0.0 .
00 489 K=1,4 . . .
_Cl-ClOUA(I.Kl‘HE(KoJ’
489 C2=C2~MA(1 . K)*UR(KoJ)
UR(T.J)=C}
490 UE(TI,J4)=C2
459 00 492 Isy,¢
00 492 Jelc4
C120,.0 ’
C2=0.0 , }
DO 491 K=]1,4 , ’
CLl=CLleCMR(I,KISUR(K,J)~CNE( |l X ISUE(K,J)
491 C2=C2+CMR{14K)SUEAKGIVISCME(T,KISURIK,J)
WRil,J)=C]
492 ME(L,J4)=C2 H
DO 494 I=l,4 ' !
00 494 J=1,KQ2 g
Cl=CNR(,Je4) )
C2=CHE(3,0¢4)
00 %93 K=l,.,4
CloCl=UR{I,K)CAMR(KyJ*&)SVE(I,KICAAE(X oo 4)
493 C2=C2-WR(I,K)PAMEIK 9 J¢4 )=WE( T KICAMR(K 9 J44)
UR(I,J)nC1 ) ;
494 VE(1,J1~C2 : : .
IF{KC) 500,495,499 .
499 DO 437 I=), :
D0 497 J=1,2 ,-
IF(KC) 500,495,496
495 EXR(14J)=UU 1,4} ;
EMELLoJ)ulE(]44)}
G0 T0 497
496 EMRIL,2)=UR(T142,J)
EME(]45)=UELI¢2,J) .
497 CONTINUE :
CL=EMRIL 1 1SEMR(2,2)<EMRILy 2)REMR(2,1)~ENE(L,1)REME(2,2)¢
LEMEL1,2) *EMEI2,1)
C2=EMA(L ¢ LISEME(2,2) ¢EMR(242)SENMELL g1V -ENMN(L,2)¢ENE(2,1)~
LENR(2,1)$EMETL. 2)
C3a({CleC14C2%22)¢SCF1
C1sCi/C)
C2=C2/C3
GRILoLoIHITCLOEMR(2,2)¢C2¢ENE(2,2) !
GRULo2¢IH)==CL1SEMR(],2)~C2%EME(1,2) ‘
GR(291oIR)==CLeEPR(2,1)-C2%ENE(2,1)

.,f,

" 708
708
709

P I A S

.
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500

301

502

503
504

505
506
507

508
509

703

T04

516
517

518
498

519

—
T S

€Y - EFN.  SOURCE STATEMENT =

GR2,2,1H)e CIOEPRI1,1)0C20EME(T,1)
GE(lodolH)m CLOENE(2,2)C20ENR(2,2)
GE(l o2, 1K) a=CLOENELL,2)4C20EMRIL,2)
GEL2,1,IH)u=CLOEMEL2,1)4C29EMR(2, 1)
GE(292,IH)® CLOEVELLy4)=C2OEMR{L,1)
GO TO 518 ’ :
00 501 f=1,4

00.501 J=loé

WR{T,JISURLT,J)

WE(1,J)mUE(T,d)

-CALL MATINV(WRy49WCCyO,DVN,y ID)

GO TO (503,502),1C
WRITE(6,132)

WRITE{Sy L31INFyFRQ

GO TO 519 .

IFINF) 524,504,506

00 505 I=1,4

DO 508 J=1,4

GEl(l,4JyIH)=0,C
GRIIsJeIH)=WR{1,J)/SCF1

GO TO 518

CALL MATINV(WE,49WCC¢0,DED,1ID)
GO TO ${507,504),1D

00 509 I=1,4

DO 509 J=l,4

Cl1=0,0

DO 508 K=1,4
CleCLewWR{TsKIPUE(K JI*WE(TJK)SUR(K,yJ)
WAll.J)=Cl

CALL MATINVIWA,4,WCC,0,NVN, ID)
G0 TO (704,703),1D
WRITE(6,138)
HRITEL6, 131 )NFyFRQ

GO TO 519

00 517 1=1,4

DO 547 J=1,4

Cl=0.0

€2=0,.0

DO 5i6 K=1,4
Cl=CloWAlL,K)®WE(K,yJ)
C23C2-WA(I,K)*WR(KyJ)
GR{1,Js1H)}=C1/SCF1
GE(14Jy1H}=C2/5CF1

IFINDIA) 498,519,498
WRITE{6,125)

WRITE(6,127)
WRITE!69133)({GR{TyJelH)ydulb),In1,4)
WRITE(6,128)
WRITE(6,133F{I{GE(T,JsIH)yJI=1,4),]121,4)
CONT INUE

K3=0

K4=0

K5=0

K6=0

K7=1

WRITE(64129)INCTA
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meen)

s TEEZTY

. — et ey e St et

e = i s e e

10
1l

512
513

13

- - -

e ;  0T/03/67
one e BFN  SOURCE STATEMENTY = [ER(S) = ° ' e ‘
0X1=QST-QINC oleen e e e
Nalel SN S S
IF(NQ) 511,511,512 (hed - ‘ D
QX1=QX1+3INC tie e e

IF(QFa+G s 00Uwdl=AX1) 3599 399,519
IF(NQ=NQ1) 599,513,51)
QX1=QLST(NQL)

N0leNQLS)

QX220.30QX1/5CF}

00 321 1=1,KQ2

. DO 521 J=1,kQ2

521

524
23

326
527
705

T06

WALT 9 J)=QX20MQL{ 14J)
HB(1,4J)e=QX204S5Q( 14J)
ANR(1,4)20.0

ANE(1+J4)%0,0

CHR{14J)=0.0

CRE(149)=0.0

DO 533 THe2,NN})

KlsNH1e2=1H

IFI{K1/2)92=-K1) 523,525,529
K2=0

00 324 1#1,KQ2

00 324 J=]1,kQ2
UR(LoJd)=ANR(1,J)
UELL,J)=ANE(T,J)

60 TO %27

K2=1

00 526 I=1,XQ2

DO 526 J4=1,KQ2
UR(1oJ)sCHR(T,4)
UE(1,J)=CNE(1,J)

IFINOIAY 705,706,706
WRITE(8,135)K1
WRITE(69133){(UR(1,4J),Im1,KQ2),1=1,KQ2)
WRITE(S4133)((UE(14J)9J=2yKQ2)4l=]1,KQ2}
D0 529 [=1,KQ2

‘00 529 J=1,KQ2

s28
529

s22
3530

Cl=GR{1,J,K1)

C2=GE(1,44K1)

DO 528 K=1,KQ2
ClsCLleWALIyR)PURIKJ)=WB(I ,KI)SUE(K,J)
C2nC24WAl L sKIBUEIK ) JI+WB(IK)SUR(K,J)
WR(1,J)=Cl
WE(I4J)=C2
IF(K1-3) 5%0,%22,52
fF{XC) 535,530,530

967
968
976

CleWR(1y1)%MR(2)2)=HR(142)OWR(2,1i=wElL,1)OWE(2,2)¢WE(L,2)*WE(2,41)
C2=MR {1y L)OWE(2,2)+WR{2+2)8NE(L1,1)=WR{1,2)8WE(2,1)=~WR{2,1)SWE(1,2}

C3=CleCl2C2eC2

Cl»=-C1/C)

C2=~C2/C?3
EMR(L1,1)=aCl®NR(2,2)¢C2oWE(2,2)
EME(L1eLl)}»CI*WE(2,2)~C2%WR(2,2)
ENR(L192)m=CleswR(1,2)=C2*WE(1,2)
EME(L192)=C20WR({192)-CleWE(],2)
ENR(2:1)m=CLlouR{2,1i=C2%WE(2,1)
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c . EFN SOURCE STATENENT - 1ents). .~

836 UE(T,S)nuE(T,9)
- CAWL Nl‘lNV(URQQQUCCQOUDVN'ID)
G0 Tu (538,537),10
537 WRITE(S,134)K)
GO T0 553
538 CALL FAYINV(UE.QvNCCOQOUEDQln)
GO TO (541,539),10
539 00 540 1=1,4
00 540 Ja}l,s
EMR{Tod)meyr(,4)
540 EME(1,4)=0,0 °
GO TO s4¢
341 N0 543 I=},4
00 543 Jal,s
CI'0.0
D0 342 K=} ,4
S42 Cl'Cl’URlloK)‘UElK'J)OUE'lgl)‘URlKvJ’
S43 AMR(1,4)eC1
CALL PATINV(AHRo‘oHCCoOQDVNvlD)
GO TU (708,707),1IC
707 WRITE(64139)K]
GO TO 533
708 DO 348 I=1,4
00 54% U=],s
Ci=0.0
C2er,0
D0 544 K=1,4
c1‘Cl¢lHR|vi"UE(K'J)
344 CZ'CZ'AHR(I.K"UR'K'J,
. EMR({1,J)==C)
545 EME(1,J)==C2
546 DO 534 1=1,KQ2
D0 534 J=},KQ2
Cli=0,0
C2=0,0
00 531 K=1,KQ2
CI'CLOEHRlvi)'H‘(KoJ)*ENE(I'K"UB(K'J’
531 CZ'CZOEHE(Y'K)‘HA(K,J)-EHRI!'K)‘NB(KpJ’
IFIKZ) 533,532,533
532 AMR(1,J)=C]
AME(I,J)=C2
GO TO $34
533 CMR(1,J)=C]
CMELT,49)=C2
334 CONTINUE
IF(K1=3) 550,%47,553
547 00 549 I=1,KQ2
00 549 J=1,KQ2
ClaGR{1,J,1)

-
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!ﬂf‘lvll'CZ"'(IQI"C!'UE‘Z-I'
!”QUZ'zﬁ'Cl‘U.(lolUOCZ‘UE'l.ll T R TR
QRE‘RlQ’UCl‘VE(lvl"CZ‘lR(l'l, I o
GO 10 %46 ‘

$3% 0O 514 11,4
00 S38 Jal,s
URIL,J)mNRET, )

0T/0%/¢
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ux
Lo

e

S48
349
330

ss1
552
ss3

109

no
351

582
583

534

535
336
557
558
559
560
561

562

563

564

.y

C e

. v

R exiemengg o An é‘*-o7tanltr

oME - EFN ° SOURCE'STATENENT - GPR(S) =
AR q;“:‘.;_u ?-—-"":.‘“' i
0C 548 Kel,KQ2 AN R TR
Cl‘BlOZ.O‘U‘(I.K"‘HQ'K.J.'Z.O‘“‘(lo"“"E(K.J’ ;

P S

DEVN({1sJd)sCl L e

60 YO 553 V : o
K§u=] o
00 3552 l=l,.KQ2 - o, Y w

K8=K8+2 gy, b
K9s-) R P

00 551 J=1,KQ2 KRR
K9aK9e2 ’ ‘ "
DEDDIXB K )=WR( o J)oWA(I,J)

DEDO(KS4 K9¢1 ) u=ME( L4 J)=WB(1,4J)

DEDD (K841 K9 )sWE( 9 J)~WB(1,sJ) .
DEDO(KS+1,K9+1) =R (1,J)=WA(1sJ)

CONT INUE

o AER VIR
LR

L

RS

AR IS R
v .‘."

Iq
w3

i

rﬁI

A

CONT INUE .

IF(NDIA} 709,710,710
MRITE{6,140)
WRITE(6s133)((DEVNIT,sJ)sJd=],KQ2)4171,KQ2)
WRITE(6y141)
WRITE(S59133)((DECD(I,J)¢JIm1eKQLl)yI=1,KQ1)
CALL MATINVIDEVN,KQ2yNCCeO,DVN,1D)
G0 TO (582,531),1D

OVN=( .0

1JKL=]

WRITE(S,135) TUKL

CALL MATINV{(OEDDyKQl,WCC,0,DED,ID)
GO TO (584,5813),10

DED=Q .0

FJIKL=2

WRITE(64136) 1JKL
WRITE(65,102)QX1,0OVN,OED

IFIKT) 554,555,554

K7=0

DVN]1 = DVN

G0 TO %61

IFIK6) 556,556,559

IFIK3) 565,557,564

IF(DVNSOVNL) 562,558,558

DVN1=0OVN

IF(K4) 57.,560,570

IF(DED*DED1) 566,561,561

DEDL=DED

Ql=QXx1

KS5=0

60 TO 510

K3=]

DVYN3=DVN

OED3I=DED

D3=DVN

Q3=QXx1

QX1=0.5%(Q1+Q3)

GO Y0 S15

K3s-}

D1=0VN1

D2=0OVN

~174~ o
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1172

1183
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1188

-.1191
- 1192

MY1-3924
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sl
§:|
[
¥,
!
4
A
7

[

-
Q2=Qx1
~... 60 70 573
363 K3=0
- _.RSa}
ax1=Q3 T : R
— ... DVNDVN3 Coie
""" DED=0ED3
... €0 TO SSg ST e
366 Kool
IFIKS) 569,569,567
567 KS=0 : .
. SA8 Kés-l
05=0E01
D2=0ED2
03=0E03 |
c0 TO 578
$69 K4=1
DFD3=CED
* GO TO 563
$70 Q2=Qx1
DED2=DED
GO 7O 564
S7T1 K¢=0 -
K620
Qx1=Q3
DVN=OVNL
DED=DED3
GO TO 561
S75 Cl=Q2-Ql
€2=Q3-Q2
€32Q3-qQ1
Cé=C20C3
C3=CisC3
C3=(D1-02)/C3
C4=(D3-02)/Cé
C2=C1%Cé=-C29C3
. Cl=C4 «C3
1F(C1)  S77,576,577
576 CS=-02/C2
G0 TO 580
S77 C3=0,.59C2/C1
C4=SQRT(C3#C3-02/C1)
IF(C3) 579,578,578
578 C52C4-C3
G0 TO 580
$79 C5==Cé-C3
580 QX1=Q2+C5
G0 TO 515
$99 SPD=SPD+SPIN
IF({SPFN+0.000001-5P0)
600 NSPl=NSP1+]
IF(NSP-NSP1) 601,230,230
601 IF(INP) 602,190,602
602 STpP
99  FORMAT (1H1)

600, 60, 260
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: one - EFN SOURCE STATENENT = IFN(S) = o

100 FoRNATI72H . RN

101 FORMAT(1215) L v gh

102 FORNAT(1PSE14.6) vt
103 FORMAT(118HOSTATIONS BEARINGS MAGN,ST FeN/E/M  RIG.PED NOs -

LPADS COMPRESS HMARMONICS NO.Q NO.SPEEDS DIAGNOS INPUT)
- 104 FOQRMAT{I6,11110) '

103 FORMAT(42H0 YOUNGS MOD. ODENSITY  (SHAPE FACT)*G) ' d
106 FORMATIBE9.2) ’ 3
307 FORMAT(IS,1PEL6.641PTEL4S) ‘ : L

. 108 FORNAT(104H STATION  MASS,LBS  POLAR MOM.IN. TRANSV.MOM.IN L

3
3
LENGTH  OUT.DIA(STIFF) OUT.OIA(MASS)  INNER DIA.) : ' :
-109 FORMAT(1THOBEARING STATIONS) o - &
110 FORMAT(11HOROTOR DATA) ]

. 111 FORMAT(14HOPECESTAL DATA)
112 FORMAT(89H STATION MASS=XsLBS  STIFFNESS=X  ODAMPING-X MASS '

1-YoLBS  STIFFNESS-Y OANMP ING~-Y) 4

113 FORMAT{20H1IMAGNETIC FORCE DATA) : :
. 114 FORMATI27HO QUO),FORCE  Qt0),MOMENT) "

115 FORMAT({2B8HOMATRIX OF COSINE COMPONENTS) B
.. 116 FORMAT(//13HOBEARING DATA) . ' ;

117 FORMAT(19MOBEARING AT STATION,13)
.. 118 FORMAT (9KOHARMNONICAXIHEXX10XSHW*BXX10XIHKXY10XS5HWSSXYLOXIHKYXLOXSH 2
i LHSBYXL0XIHKYYL1OXSHWSBYY ) ' |
, .. 119 FORMAT(8HOPAD NO.,s[3) '
¢ 120 FORMAT(SS5H PITCH MOM.IN, PAD MASS PIVOT STIFFN. PIVOT ANGLE) ;
.. 121 FORMAT(13H1RQTOR SPEED=,1PEL13.6¢4H RPM)

122 FORMAT(//13HOHARMONIC NDoos 13, 11H, FREQUENCY=,1PEL13.6,8H RAD/SEC)

123 FORMAT(21HOBEARING COEFFICIENTS)

124 FORMAT(8H STATIONSX3HKXX9XTHFRQEBXXIXIHKXYOXTHFRQSBXYIXIHKYXIXTHFR
- 1Q%BYXIXIHKYYIXTHFRQ®BYY )

125 FORMAT(31HOROTOR-BEARING IMPEDANCE MATRIX)
..126 FORMAT(26HOMATRIX OF SINE COMPONENTS)

127 FORMAT(10HOREAL PART)
_.128 FORMAT(15HOIMAGINARY PART) .

129 FORMAT(I1,9X3HAXXTX2SHEVEN DETERM, 000 OETERM.)
-..130 FORMAT(34HOREAL PARY OF A-MATRIX IS SINGULAR) _ __ _
131 FORMAT(10H HARMONIC=,13,12H FREQUENCY=,1PEL13.6}
..-132 FORMAT(42HOREAL PART OF IMPEDANCE MATRIX IS SINGULARY

133 FORMAT{1P4EL14.56)
....13% FURMAT(ITHOREAL PART OF S=MATRIX IS SINGULAR,K=,13)
135 FORMAT(18HOS=MATRIX FOR K+l=,13)
136 FORMATI{20HODETERFINANT ZERO AT,13)
137 FORMAT(3SHGINVERSION MATRIX FOR A IS SINGULAR)
138 FORMAT(35HOINVERSION MATRIX FOR E IS SINGULAR)
139 FORMAT(3BHOINVERSION MATRIX FOR S IS SINGULAR,Ka{3)
140 FORMAT(17HOEVEN CETERMINANT)
141 FORMAT(16HOODC DETERMINANT)
—END -
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k)
S , . ’ SRR 7.1 773 AT
pave = EFN - SOURCE STATENEWT ~ IFNIS) « * 7
€ - RATRIX INVERSION WITH ACCONPANYING soumon 0' LINEAR enunmns Haty - 2
g .. MQYEMBER 1692 S GOOO DAVID TAYLOR NOOEL BASIN _ AN MATE - nm :
: SUBROUTINE MATINV(A.N1,8,N1,08TERN, 1D} C i e L mALR 5
c . L
€  GENERAL FORM OF CINENSION STATEMENT. e e me e Dot ATy 7
c o T T AT 8
. ODIMENSION A(8:8),BI00L) . e e
DIMENSION INDEX(8,3) o
¢ EQUIVALENCE. (IROWoJROW) s (1COLUMLJCORUM), (ANAXs To SHAP) - . NA;: :;
NA .
c INITIALIZATION Cee e i . .. " . NATY 13
14 ' “MATL 14
NaMl e e i o+ e e e e - . < 5w e m e NATY 183
NaNL . ' NATL 16
DO 8 IsleN . e - e .
Ki=1 .
- K2} . et i ———— : e e e a
00 6 Jul,N .
. TFGACTed)) 32403 : : : S
" 3 K1=0 - L
- & IFIALJI21)) 55629 . 4 . e
S K2«0 . : ’
e .6 CONUIMUE. . _ ___ e+ = -
LEIK1I4K2) 88,7 ¢
ceee. Y 1Dm2 - ———— -
DETERN=).0
——. - G0 70 140 __ - . N -
8 CONTINUE : .
— ...10 DETERM=1,.0 i — - .
13 00 20 J4=]1,N . NAT1 18
e 2Q INDEX(J23) = 0 : e RAT1 19
30 DO 550 I=]1,N MATl 20
[ —_ marl 21
c SEMCN FOI PIVOY E!.EHENI’ MATY 22
[ 4 —_.Ty 23
00 ANAX-0.0 MATY 24
43 00 108 Jj=1.M : _MATY. 2%
IF(INDEX(Js3)=1) &0, lep 60 MATl 26
Q K=1,N o MaTY 27
IFCINDEX(K,3)-1) 80, 100, 713 NAY: 28
= 29,100,100 : . RAT1 . 29
83 IROU=JY . . : MAT1 30
UK=K _ _MAT1 31
ARAX=ABS (AlJoK)) RATY 32
I MATY 33
105 CONT INUE NATY 34
= 23) ¢} _ MAT1 33
260 INDEX(Io1)=IRONW MAT1 36
270 INDEX(1,2)=1COLUN . NATL 37
13 , , . NAT1 38
c INTENCHANGE \ROWS TG PUT PIVOT ELEMENT ON DIAGONAL MAT1 39
(4 . ) ) RATL 4O
R ! I NATL 41
140 DETERNK=<~OETERN MAT] 42

st s i e

el s it LA i, e MM 7




aon

oMn

(2 X2 X ]

130
180
170
200
210
220
230
250

310

330
340
350
3ss

370

380
390
400
420
430
450
4395
460

600
610
620
630
640
650

670
700
705
710
718

720
730

740

Lo

PP - ————————— o ————— . bimams e e e e

BAVE .. ..y .EFN.  SOURCE STATENENT o IFM(S) -

00 200 L=l,N - . .
s'”‘“l'w.t' 4, DR L0 S TE SRR TR s 1L SR NS S N . R
ACIROM,L )sAC ICOLUM,L Y- R A R N BELL R
ACICOLUM,L)=SWAP :
1FiN) 310, 310, 210 RS S "4"‘«!."'.-",-' et e o

00 250 L=l, N

SHAP=B{IROW,L) TR T e
BCIROW,L J=B( ICOLUNM,L)

B(ICOLUN,L)=SHAP vl

OIVIDE PIVOT ROW BY PIVOT ELEMENT

SIVOT  =AZICOLUN, ICOLUM)
OETERN=DETERMNSPIVOT

ACICOLUM, ICOLUM)=1.0

00 350 L=1,N
ACICOLUM,L)=ALICOLUNM,L) /P IVOT
IF{N) 380, 380, 360

00 370 L=],N
B{ICOLUM,L)=B{ICOLUN,L)/PIVOTY

REDUCE NON-PIVOT ROWS

00 3550 Ll=1,N

IF(L1-ICOLUM) 400, 3550, 400
T=A(LL,I1COLUM)

AlLl, ICOLUN)=0.0

DO 450 L=1l,N

A(LL, L)=A(LL,L)=A(ICOLUMyL)&T
IF(N) 550, 550, 460

DO 500 L=1,M
BILL,L)=B{L1,L)=B{ICOLUMyi ) *T
CONT INVE

'INTERCHANGE COLUMNS

D0 710 I=1,N
LaNel-l

IF CINDEX(L,1)~INDEX(L,2)) 630, 710, 630

JROW= INDEX (L1}

JCOLUMSINDEX (L, 2)

DO 705 K=l,N

SHAP=A(K , JROW)

A(Ky JROW ) =A LKy JCOLUM)

AlKy JCOLUN)=SHAP

CONT INUE

CONT INUE

00 730 K = L,N

IF{INGEX (Ky3) =) 715,720.71S

10 =2

60 TO 740 o A L

CONT INUE Qe ‘ : :

CONT INUE e
1D~1 :

RETURN et e e e e e e e eaam

EYOD
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NHAT)
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NATL
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MATY
NAT1
MATL
MATL
RAT1
MATL1
MATL
HAT]
NATL
MAT1
NATL
MAT1
HAT1
MATL
nari
MAT1
MAT1
MATL
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MAT]
NAT1
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NAT1
NATL
MAT1
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TURBINE DRIVEN & POLE ALTERNATOR.STABILITY CHECK 4~11-1967

11 2 7 -1 0 0 1 10 ] 1 0 1
30000CO040 06283 8630000+0 :
615 6244 31.0 13 3.9 3.9 3.339 .
161 0.0 " Ce0 1e49% 3.5 3.6 3.2 .
Qe0 00 Oe0 2037 3.9 3.65% 3.062 :
Jed 0«0 0ed 4,83 3.5 3.65 - 34062 -
OeC Ce0 Ce0 167 2775 . 3.25 . 2.0 "
3.1 120 12.0 201 3.% : 3.7 ' 104
Gel CelC Jel 261 3.5 3.7 1.064 ’ v
3.1 1240 12.0 1467 247178 3.25 20 . e
QeC Ced CeC 349 3.5 3465 3.062 o
Cel QeC 00 4439 3¢5 3.6% 3.062
9.21 562 2840 040 le0 00 . Qa0
4 1C ] .
1S30C 60 2030C0 1000.0 240 1.0 Ca
2eeul el 88200C
Sed OeC he2 0e0
Cel Oe0 00 ~lpo2 b
Yy 0l 0.0 040
Cel -b462 0.0 00
Cel Je0 0eC . -He2
Cel Celd -be2 0.0 - }
OeC -4e2 0.0 : 0.0 ;
~bo2 0ed Ce0 0.0
OeC 1000¢0040 104C0e.C
111915.8 0.0 el 00 0.0 Oe0 11191568 000
19626243 Col Ce0 040 Ce0 Ne0 1962623 0.0 l
197298.6 0.9 0e0 CeN 0eC Oe¢f 19729846 GCe0
184631.7 CoC Led 00 J.0 Cel 1846317 0e0
16842447 Qe Je0 Qe0 00 NeN 16842467 060
1262724 3Je0 Cel 0«0 Ge0 Ce0 126272v4 060
25475244 040 0«0 0.0 0e0 00 254752¢4 Qo0
2176U9e¢4 (o0 Ve0 09D 060 Q0 217609¢% D60
181060el Je0U Vel 0s0 0«0 040 181060.1 Ue0
12174245 Co0 0ed 0«0 00 0.0 121742¢5 Qo0
=349T2444 (o0 060 Ce0 00 0«0 ~34972444 060
1119158 Qo3 Ce0 Dl 0.0 O 111915.2 0¢0
1962622 060 Ce0 0.0 Ce0 00 19€262¢3 Qef
197298.6 CeD CeC Def 0.0 0.0 197278.56 0.0
18463147 U0 LeO CeO0 00 0.0 184A31e7 GCe0
168424¢7 Q.0 Vel Oed 00 0.0 1684247 040
126272+4 0Vl Ue0 0.0 Oe0 Oe0 126272¢4 040
2547524 040 Ve0 Ce0 0.0 00 25475244 00
21760944 C.C 0.0 Ce0 0«0 00 2176094 Qo0
181060.1 04,0 0690 Oe0 00 Ce0 181060e1 0e0
1217425 0lC Ce0 Qe 00 0.0 1217425 040
34972644 04,0 Qe0 00 0.0 ‘0e0 ~349726e4 040
-179-
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ROTOR SPEED= 1.030000E 04 RPN
UNORFLOW AT 33363 IN NQ

CxXx EVEN DETERM., 000 DETERN.

-0 20111045E 00 L. S154T4E Q0
1.000000€ 04 2.114852€ 00 1.512247€ O
2.000000€ 04 24,128397€ 00 1,50299%€ 0Q ..

3.00C000E 04 2.145T43E 00 1,486403F 00 !
8.,000000E 04 2.17304SE 00 1,464410F 00 .. {
$.,000000E 04 2.208537€ 00 1.,436213F 00
$.000000E 04 2,2524$8E 00 1,4022%7€ o0
7.000000C 04 2.305294E 00 1.362842E 00
8,000000€ 04 2.367357E 00 1,318312E 00
9.000000€ 04 2.439197€ 00 1,269057E 00 ;
1.000000€ 95 2.521408E 00 1.21%507E 00 :
1.100000E 05 2.6144667E 00 1.158129E 00

1.200000€ 05 2.T71974%E 00 . 1.097423€ 00

1300000 05 2.837510€ 00 1.033915E 00

1.400000€ 05 2.968945E 00 9,681535E-01

1.500000E 0% 3.115132€ 00 9.007094E-01

1.600000E 0% 3.277292E 00 08.321563&-01

21.700000E 05 3.4587T7SE 00 7.630799E-01 g
1.800000E 05 34655079 00 6. 940651E-01 : B -
1.900000E 05 3.8TI851E 00 6.256909€-01 , ‘ *
2.,000000€ 05 4.11490%E 00 5.585233E-01 " K
2.100000E 05 4.380256E 00 4.931183E-01
2.200000E 05 4.56T2125€ 00 4.,299975E-0i
2.300000€ 05 4.992890E 00 3,6986166-01
2.400000E 05 5.345258E 00 3,.1257S1E-0L.
2.500000E 05 5.732106E 00 2.59163%€-01
2.600000E 05 6.156626E 00 2,0980828-01 . R
2.700000E 05 06.622316E 00 1.648418E-01 B
2.800000E 35 T<132986E 00 1.245444E-01 . .
2.900000E 05 7.592T7T4E 00 B8.913947TE-02
3.0000Q0€ 05 8.306188E 00 S.879141E-02 .
3.100000E 05 8.973231FE 00 3.360245E-02 ,
3.200000E 05 9.71428CE 00 1.361092E-02 o
3.30C000€ 05 1.052014E 01 -1.210047E-03 ] S
3.250000E 0S5 1.010808E 0% 5.558381€-03 o™
3.290321E 05 1.043891€ 01 5.862245E~07 :
3.400000E 05 1.140215E 01 -1.095307E-02
3.500000E 05 1.236721E 01 ~1.577639€-02
3.600000E 05 1.342293E 01 -1,%590296E-02
3.T00000E 05 1.457740E 01 ~1.161868E~02 .
3,800000E 05 1.583943E Ol -3,269779E-03 '
3.900000E 05 1.T21817€ Ol GC.740358E-0%
3.850009E 05 1.651351F 01 2.304956E-03
3.830249E 05 1.62436CE 01 -3.15&500E-06
4,000000€ 05 1.87245CE 0i 2,395371E-02
4.100000E 05 2.037091E 01 4.187267€~02
4,200000C 05 2.216305E 0) 6.194603E-02
4.300000E 05 2.412313E 01 B8.35959%E-02
4.400000E 05 2.626082E Gl 1.062157E-01
4,500000E 05 2.859093E 01 1.291802€-01

ek t——— t—

4,800000€ 05 3.112933E 01 1.518559€-01 ‘
4-.TOO0000E 05 3.389487€ 01 1.736104£-01
4.800000E 05 3.690608E 01 1.9382436-01 ".

4,900000€ 05 4.018274€ 01 2.119022€-01
$.000000E 05 4¢374T45E 01 2.,272860€E-01
5¢100000€ 05 4.762281E 01 2.394674E-0L
3.200000E 05 5.183484E 01 2.¢80018E-01
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5.300000E
$+400000€
$.500000E
$600000€
$4700000E
5.800000¢€
5.900000E
$+020000¢C
64100000€
4.200000€
$4300000¢
6+4000C0OE
64300000¢
6.600000€
64700000€E
6.800000€
6.900000€
T7.000000F
T+100000€
T7.200000E
7300000¢
T7+400000E
T+500000€
T+600000E
T7+700000€E
7+800000E
T+.900000E
8.000000€
8.120000E
8.220000E
84300000€
8.400000E
8.500000€
8.600000€
8.700000E
8,800000€

8,900009€

9.020000E
9,120000€E
9.200000¢€
9.300000€E
9.430)00E
9.50C000¢
9.600000E
9.700000E
9.800000€
9+900700GF

03
U]
L]
0s
05
03
05
0%
03
03
s
05
03
o5
03
05
05
05
Q5
0s
s
('}
05
03
05
03
0s
a5
1]
05
0s
05
05
as
05
05
05
05
ns
05
05
05
05
03
05
05
a5

S5¢640991E
6.137715¢€
6.6THTOLE
T2261270€
T.894963E
8,581367E
9,325071E
1.012980C
1.100037¢
1.194158E
1.295874E
1.405734E
1.524326E
1.652282E
1.790253€
1.938964E
2,099157E
20271629E
2.457224E
2.656834E
2.8T1419E
3.101962¢
3.349534¢k
3.615265E
3.99G315¢
4.205948€
4.533498E
4.,884344E
5+259974E
5.661915E
6.091327¢
6.551415E
T.042479E
T566958E
84126833E
8.7242189€
9.361331E
1.004051E
1.076420¢
1.153493€
1.235548E
1.322856€
1.415717E
l.514448E

1.619268€

1.7308.8E
l.843154E

2.525227¢-01
2.5275%9€~01
24 435348E-0)
2.398153E-01
2.265910€-01
2,094089€E-01
1.8083841E~01
1,642147€-01
1.376969€-01
1.09838%E~-01
8,137246E-02
5.,826939E-02
3.1749128-02
1.329130€-02
2.144265€E-03
8,327640E-04
1.216391£~02
J.923128E~02
B,541692E-02
1.543913E-01
24501109¢€-01
3.768126E-01%
%$.390065€E-01
Te414649E-01
9,892078E-01
1.287487€ 00
1.641763E 00
2.057687€ 00
2.54]1364E 00
3.097830€ €9
3.735009€ €O
4. 455679E 00
5.268929€ 00
6.179804E 00
Te194261E 00
8.318111E 00
9.556956E 00
1.091613c 01
1.2400463€ 0L
1.401503€ 01
15762344E 0L
1. 764940E Ol
1.967578C 01
2.1564473E 01
24415767E 01
2.661496E 01
24921608F 01
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APPENDIX XIIComputer Program - The Regponse of a Rotor with Timevagin‘
Magnetic Forces

RV T R

This appendix doictibcl the computer program PN0354: “Tha R-aponse:o!‘a Rotor
vith Timevarying Magnetic Forces" and gives the detailed instructions for using
the program. The program is based on the analysis contained in Appendix X

(and Appendix VIIL)It calculates the whirl amplitude of an alternator rotor
wvhich 1s eccentric and misaligned with respect to the axis of the alternator
stator,

The response program has most features in common with the stability program,
Both programs employ the same model of the rotor-bearing syatem and the form
of the generator magnetic forces is the same for the two programs. Hencs,
auch of the input data is the same for the two programs and in giving the
instructions for preparation of the input to the response program, refereuce
will be made to fhe instructions already given for the stability program in
Appendix XI.

COMPUTER INPUT

An input data form is given in back of this appendix for quick reference when
preparing the computer input data. In the following the more detailed instructions

are given except for those parts which have already been covered in Appendix XI.

Card 1 (721) Any descriptive text may be given, identifying the calculatiom.

ar is is the "Control" cards ose values control the rest of the
Card 2 }lzé Th he " " ds wh 1 1lzch f th

A LD . .

input. It 13 identical to card 2 of the stabillty program with a few exceptions,

the major one being that the previous item 3, NQ,is eliminated.Card 2 has 11 values:

1.NS specifies the number of rotor stations (NS < 50)

2.¥B specifies the number of bearings (1 € NB € 10)

g

see Aprendix XI
4.XC see Appendix XI

~-185-
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S.NRP geu Appendix XI
6.NPD see Appendix XI
J,INC see Appendix XI
8.8 In the response calculation, the program evaluates the fthuaucy ruponu

of the rotor-bearing system at certain discrete frcquanciu. These frequencies
are the harmonics of the magnetic force frequency, i.e. at 0,2,212,302 4Q ctc.,
vhere {2 1s the magnetic force frequency (in the stability calculation th- _ J
frequencies are O ;Il §11 ?12 él) ~= ). NH specifies the number of the highelt
harmonic such that the highest frequency is o)l , Nd must be cqual to or
greater than 1 but it cannot exceed 10.

9.NSP  see Appendix XI,card 2, item 10

10.NDIA see Appendix XI,card 2, Item 11

11.INP see Appendix XI,card 2, item 12

Sard 3 (1FE14.8

N
-y,

See Appendix x1

Rotor Data $8E9.22

See Appendix XI

Bearing Stations (1115)

See Appendix XI .

Pedestal Data Sgggag)

See Appendix XI

Whirl Orbit Points in Output (1P5El4.6)

The rotor amplitudes x and y are calculated for each rotor station in the form:

NH
x= “Z [xc., cos(kf2t) = xg, sin(kt)] M.1)
0
NH
y= g' [q“ cos(kQt) - Ysi Sin (kQ2t) ] (M.2)

-~186-
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vhere 2 1s tte frequency of the magnetic forces in radians/sec, t ‘10 tiine"
in seconds and KH is item 8 on card 2. The program output 1ists Xc.")(,., ’
Yoo and Yy for 0 €k £ NH. However, in order to get the maximum amplitude
it is necescary to calculate the whirl orbit whose coordinates, of course, irﬁ
x and y from eqs. (M.1) and (M.2). This is done by alcuht:l“ng x and y at

dilcrntn points along the orbit. Let & be the anzuhr‘ spead of the rotor.
Then: : :

kmsk(&)(wt) 04kéNH o3

vhere (g) is the fixed ratio between the magnetic force frequency and the
speed of the rotor (see the following input card). By varying (wt ) from

0 to 360 degrees, the complete whirl orbit for one shaft revolution can be
obtained. The present input card specifies what range of (Wt ) 1s desired

and in how big increments the range should be carried. The card has four values:

1. Initial value of (wt), degrees
2. FPinal value of (wt ), degrees
3. Increment of (wt), degrees

4, The lower limit of amplitude values of interest in inches. This item is
included becauge it frequently happena that the implitudes of the higher har-
monics are very small. Then there is no need to include them in the output.
This input item specifies what ‘s the smallest amplitude value of interest
vhich may be, say, 10_6 inches (1 microinch).

Speed Data $1P5E14 62

See Appendix XI

Ma anetic Fortce Data

See Appendix XI but disregard all references to Qvef‘

Rotor_ Escentricit and Misalignment Coordinates (1P4El4.5)

The forces and moments that cause the rotor to whirl, only act when the rotor

axls does not coincide with the axis of the alternator stator. Four

~i87=-
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coordinates are needed to defins the mngitrianof the rotor axis with respect to
the alternator axis: - . o o me e e

Alternator ’ ' . O Al
[."'—__‘—. R . -

Stator Axis Stator Axis

X=plane_ ' y-plane_

Here, X, and Yo are the two eccentricity components in the cenietplme of
the alternator, and 6, and (P, are the two corresponding misaligmment angles.
These values are given on a card which follows next aftsr the magnetic force deta.

If RC=-1 (card 2, item 4), all four values must be specified:

1. Bccentricity, X, of rotor in the centerplane of the alternator, x-cdirectiom,

inches.

2, Eccentricity, Yo of rotor in the centerplane of the alternator, y-direction,

inches.

3. Migalignment angle, 8, , of rotor axis with respect to statur axis in the

x-piane, radians or inches/inch.

4. Misalignment angle, ?. , of rotor axis with respect to stator axis in the

y-plane, radians or inches-inch.

If KC2 0, only two values can be gpecified. There will be one card with two
values and one of the following two possibilities apply.

KC=0

l. x, , inch
2. Yo iach

KCm1

1. &, , radians
2, ¢ , radians.




Bonriga Data' Fixed Geometry . N U B S ;W: v

RTAAT S}

This data applies when NPD=0 (item 6, card 2). The 1ns;ruc:ibnn for preparing . )
the input ars the same as previously given in Appendix XI. However, oq. (L’3’:.~~
should be changed to read: ' |

oo, @), 2D ,3®) -, @ e

[

vy LT
This does not affect the number or the form of the input cards but only zedefines
those frequencies at which the bearing coefficients must be evaluated when the
lubricant is compressible (INC=l, iteam 7, card 2).

Bearing Data, Iilting Pad Bearing

This data applies when NPD ¥ 0 (card 2, item 6). The instructions for preparing
the input sre the same as previously given in Appendix XI. However, when the
lubricant is compressible (INC=1, item 7, card 2} those frequencies at which the
pad film coefficients are evaluated, are given by eq. (M.4), not eq. (L.3).

COMPUTER OUTPUT

Referring to the later given sample calculation, it 1s seen that the first three
pages of the computer output repeats the input data in the same order in which

it 18 read in by the computer. The orly input data which is not repeated in

the output, is the card with the speed data and the card specifying the points on
the whirl orbit,

Next follow the results of the calculations. First, the rotor speed is identi-
fied and, immediately after, the calcualted rotor amplitudes and slopes at the
centerplane of the alternator are given. There are 10 columng, The first column
identifies the harmonic of the oscillation (i.e. 0, 1, 2,...times the frequency
of the magnecic forces), and in the second column are the corresponding fre-
quencies., The 8 remaining columns give the cosine and sine components of the

rwo amplitudes (x and y) and the two slopes (e~j’;" and ¢= 3'3 ). The
resulting motion is obtained from eqs. (Ml) and (M2) and the analogous ones

for © and 4’ . Here, NH 1is the number of the highest harmonic (in the sample
case, NH=5), 2 1s the magnetic force frequency, radians/sec, £ is time in

sezonds, and k is the number of the harmonic, given in Column 1. In the output

~-189~




X (C)= Xey inch, X(3) = dgy,inch Y(C) =ley,inch,  Y(8) =iggy,inch, 'nx/nz(c)-""'-’ + 8
Q*,Wiad. , DX/DZ(S) = @8gx, inch/inch, DY/DZ(C) = Pcx, inch/inch, and i
DY/DZ(S) =@y, inch/inch. These data are given since they result from the most )
iaportant part of the ulculatio\, namely the solution of the simultanscus aqugtibun

given by eq. (K.23), Appendix X.

\,
Thereafter there is one page of output\‘for each rutor station. The rotor station
is identified first, followed by o list similar to the one described above except
that no data are given for 6 and ¢ . Next, eqs. (M.1l) and (M.2) are used to
calculate the rotor motion and the résults are givem in a five column list under
the title "WHIRL ORBIT.”" For this purpose, eqs. (M.l) and (M.2) are rewritten
as:

NN
x=2 [ Xer Cos{ k(g)cot) =Xy si»(k('g)cot)]
k¢ M.5)

N
y = .,Zf ['!cx cos(k(g)l»t) ~Ysi 5;”(k(£)“’t)]

where W 1is the angular speed of the rotor. With ((%) being & fixed ratio,

wt 1is varied over a range as specified in the input. The value of wt gives the
agle of rotation of the shaft such that as wt goes from O to 360 degrees, the
shaft makes one revolution. Tiae first column, titled "SHAFT ROTAT, DEG", specifies
the value of wt . For a given value of wt , eq. (M.5) can be used directly to
calculate the amplitude components x and y, and the values are giver in the output
in the columns entitled "X" and "Y". They are in inches. Hence, x and y are

simply the coordinates of the whirl orbit described by the center of the shaft during cne

revolution of the shaft. The output .'180. zives the coordinates of the whirl

orbit in polar coordinates in the two last columns where:
"AMPLITUDE" = YX? +y? inches
“ANGLE X-AMPL" = tan-l(y/x ) degrees

Thus the amplitude gives the "radius" of the orbit, and the angle is the angle
from the x~axis to the amplitude direction, positive in the direction of rotor

rotation.
}
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SAMPLE CALCULATION
. . et

The response of a & polc homcpolar alternator has been calculatcd to Sl

1liustrate the use of tha program. The rotor is supportad in two gas lub:i-ﬂ-“

cated tilting pad besrings, and the bearings have four shoes with the static B

load passing between the pivits of the two bottom shoes. In the centerplane

of the alternator (rotor station 7), the center of the rotor coincides with the

5 canter of the alturnator but the roctor axis is mnisaligned 0.002 inches/inch

} wvith respect to the magnetic axis of the ‘alternator which results in a pulsating

force of 84 lbs at a frequency of twice the shaft speed acting on the rotor.

With the two first critical speeds at approximately 14,700 rpm and 16,000 rpm

i it is found that the maximum response cccurs at half these spceds. However,

only the fundamental harmonic iz excited with a significant amplitude and the

d amplitudes of the higher harmonics are of no practical interest.

s R T L e
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IRPUT FORM POR C7..2ULER PROGRAM
PNO354: THE RESPONSE OF A ROTUR WITH TIMEVARYING :AGNETIC FORCES

Card 1 (728) Text ' . e
Card 2 (1115) ' '

1. NS = Number of rotor stations (NS £ 50)
2, NB = Number of bearings (NB<10)
3. KA. |[KA|= Rotor station number at which magnetic forces act

KA> 0: forces only, no moments

KA € 0: moments only, no forces} kc2 0
KA > 0, KCu-]1: both forces and moments

4, KC KC=0: the magnetic forces or moments are proportional to amplitudes
KC=1l: the magnetic forces or moments are proportiomal to slope

KC=~1: there are both magnetic forces and moments

5. NRP NRP=0: bearing pedestals are rigid, no pedestal input data
NRP=1l: flexible bearing pedesatalw, pedestal input data required

6. NPD NPD=0: fixed geometry bearings
NPD 2 1: number of pads in tilting pad bearing, load between pads
NPD< ~1: |NPD|wnumber of pads in tilting pad bearing, load on pad

7. INC INC=0: bearing lubricant is incumpressible
INC=1: bearing lubricant is compressible

8. NH = Number of frequency harmonics in stability calculation () € NH € 10)
9. NSP = Number of speed ranges with accompanying data (NSP = 1)

10. NDIA NDIA=0: rotor impedance matrices aot included in output
NDIA=1: rotor impedance matrices included in output
NDIA=-1: diagnostic

11. INP INP=0: more input follows, starting from card 1
INP=1l: 1last set of input data
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Card 3 (1P5E14.6)

1.
2.
3.

Y™ = Youngs modulus for shaft material, lbaltnz . R
DNST = Weight density of shaft material, lba/i.n3

SHM =« 4 G, where G is shear modulius, lbulinz, and ¢ 1is shape factor

for shear.

Rotor Data (8E9.2)

Give NS cards with 7 numbem on each card:

1.
2.
3.
4.
5.
6.
7.

Mags at rotor astation, lba,

Polar mass moment of inertia at rotor station, lbs-in2
Transverse mass moment of inertia at rotor station, 1ba-in2
Length of shaft section to next station, inch

Outer ghaft diameter for cross-sectional moment of inertia, inch
Outer shaft diameter for shaft mass, inch

Inner shaft diameter, inch.

Bearing Stationsg (11I5)

List the rotor stations at which there are bearings, in tntal NB stations

Pedestal Data (8E9.2) .

This data only applies when NRP=1l (card 2, item 5). Give a total of NB cards

with 6 values per card:

1.
2.
3.
4.
5.
6.

Pedestal mass, x-direction, lbs.

Pedestal stiffness, x-direction, lbs/inch
Pedestal damping, x~direction, lbs-sec/inch
Pedestal mass, y-direction, 1lbs.

Pedestal stiffness, y-directiom, lbs,/inch
Pedestal damping,y~direction, lbs-sec/inch
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Wairl Orbit Points in Output (1PSE14.6)

Give one card with 4 values:

1. Initial value of wt , degrees
‘2. HMnal value of wt , degrees g ; ’
3. Increment of wt , degrees l f

RE T R vy M LERETY 5 W’ AT

4. Lower limit for amplitude values of interest, inch
Note: The following data must be repeated NSP-times (Card 2, item 9)

Speed Data (1PSE14.6)

Give one card with 5 values:

1. Initial speed, rpm

2. Final speed, rpm

3. Speed increment, rom

4, Ratfo of magneric force frequency to roto: speed

5. Scale factor for determinant (set equal to mass of rotor)

Magnetic Force Data

Card (1PSEl4.6)

1. Static gradient of magnetic force, Q,, lbs/in

~ [
2, Static gradient of magnetic mcument, Q. » 1lbs-iach/radian

Cards (1P4El4.6)

a. If %C=-1 {card 2, item &), giva 8 cards with 4 values per card:
Qxx Qxy on Q,,
Q@ Oy Qe Gy
Qx Qoa, Qoo Qe,
% O % Qp
Qxx Iy 9% Ixy
Gy T4y 9o 949
Gor  Goy Qoo dop
Fov Iey $e0 Qoo
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These are the gradients of the timevarying mapastic forces and moments:
on, a:,, o,w, 0”, Qax, 9xy, yx 94y in "Ss/inch
Qe ) Qx' f O\,o s Q",Qu 19y, 940,9y¢ 1n 1bs/radian
Oo: ;oe, ,Dpx , Qp, 1 Jox 130y, %x,%, in 1lbs-inch/inch

0“ 0" , qu, 04‘,, Yea, q”,q% /By 10 1bg-inch/radian
bh. If KC=0, give 4 cards with'2 values per card

KA > 0 <o

Qo Quy QG G,

Qpe Oy Qe Qpy

Yxyw Q*y ?ex 70,

G Yy for 9oy
c. If KCs1l, give 4 cards with 2 values per card
KA >0 RAL O

Rxe erf Qoo QW

Qo Gy %o Qo

o Ixy Joo  %o¢
Iy Gyp 400 oy

Poror Eccentricity and Misalignment Coordinates (iP4El4.6)

Give one card with either 4 or 2 values on it:
a. If KC=-1:

. X . eccentricity of rotor in alternator centerplane. x-direction, inch

1
2, Yo , eccentriclty of rotor in alternator centerplane, y-direction, inch
3. 6 , migsalignment angle in x-plane, radians or inches/inch

4

. G , misalignment angie in y~plane, radians cor inches/inch

b. If KC=0:

1. X, » inches
2. 110 , 1nches

c. If KC=1:
1. & , inches/inch

2, (Po ’ in..ChES /inCh
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Bearing Data, Pized Ceomerry (8E7, 2)

Applies vhen NPDe0 [-ard 2, {tem 6), If the lubricant is incompressible (INC=0;
card 2, item 7), give one card per bearing. If the lubhricant {s compressible
(INC=1), give (NH+l)-cards per bearing (NH is item 8, cerd 2). Each card gives

a set of 8 bearing coeffizients:

Spring coefficient Kxx’ 1bs/inch
Damping wBex , 1bs/inch
Spring coefficient ny, 1bs/inch
Damping OOBV’ » lbs/inch
Spring coefficient ny, 1tg/inch
Damping w&,x » lbs/inch
Spring ccefficient Kyy’ 1bs/inch
Damping GJB’, s lbs/inch

- . .

W N OOV S WN
.

Searing Data, Tilting Pad Bearing

Applies when NPD £ 0 (card 2, item 6). Define the number NPDL by:

= . | NPD even, then: NPDl=1/2¢NPD
it NPD = 1 (load between pads): { NPD odd, them: NPD1=1/2+ (NPD+1)

< _ - INPDl even, then: NPD1=1/2 . {NPD| +1
1f NPD < -1 (load on pad): { INPD| odd, then: NPDL=1/2¢( {NPDl +1)

NPD1 is the number of padg for which input 1s required per bearing. If the lub-
ricant is incompressihle (INC=0; card 2, item 7), give two cards per pad. If
the iubricant is compressitle (INC=1), give (NH+2)-cards per pad. In either

case the first card is:

(1P5E14.6

Pitch mass moment of inertia divided by the square of the journal radius, 1ibs

1.
2. Pad mass, lbs

3. Radial stiffness of pivot support, lbs/inch

4, Angle from bearing load line to pivot point, degrees.
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Znan follow 1 card if INC=0, or (NH+1)-cards 1f INC=l, with the 8 dynamic coefficients

for the pad:
Card. (8E9.2)
1. Soring coefficient Kxx' 1bs/inch
2. Damping d)B,,, , 1bs/inch
3. Spring coefficient ny. 1bs/4inch
4. Damping wB., » 1lbs/inch
5. Spring coefficient ny, ts/inch
6. Damping wBy, 1ts/inch
. Spring coefficient Kyy’ lbs/1inch
8. Damping wB.,, , 1bs/inch

These (NH+2)-cards must be repeated NPDl times per bearing, and thera must be

one complete set for each bearing (there are NB bearings).
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1715737
s o EPN SOURCE STATENINT - (/wtS) =

S=ITTICY T, LUND WMECHANICAL TECMNOLOGY Ine,
PN3ISLeRESPONSE OF RUTUR WITH MAGNETIC FORCES
TOMMON/AZ ARXXEiCoLad o BCXXE L0014 oBREYE 00l o BCRYEL  odady
LIOKYXC10o21) oBCYREL i) oPXYY L O9lu) oBCYYIL00)i)ePHINL.Q,%),

'tllbn(LO.Sb.PADKC10.5).PANGI.0.5).0!!"!4.6).H¢Ct~.1:.CPIIQ.B!.

SCREIH B JANRIG o8  gAXZI4oB) o uR (4o MELL o eMAl &0 ) o WALGu)y

TENCTA 4 ) o hiQ o 4) s WSULGc 8 yURTapa) gUE (G oa) sEMRIGoa) JEME SR gA),

190

1995

197
.98

99
200

SXR 4ol deXitlayild

COMMON/BYZ PRXXE o093 ildePCXXE VeSSl )ePRXYLLUueSelaidePCXYIL0eScul)e
IPKYXEaG950a ) oPCYX{ 0050 1a)oPRYYL OySealdePCYY(.30901.)y
20R{218,450)sGCELLeByiudloSRUGr 49 LidsSElSeae. 1) oXCS{4y500.4)y
IXSSUA495000.)eYCSUae3202i)eYSSiay50eal)

COMMON/C/Z RMU2D)JRIPUICISARLITISU)sRS1II)JRWI3D)WRD(IG)\RLEIOD,
LOVXAL30),0VXBL30)yDYXCI30),,UVXD(2C) ,OVYAL3U},DVYB(33),0VYC(:D),
20VYDL3C I« UMUX(I0) o DVUY (30D oUuMUXLIG) 4OMUY LIS JUMXALIC) 8_(30),
3820305 2B83{33)4B4130)eB5(3G)4B0IIC)BT(30),88(30)989(3_.1,BL3(30),
APMXE L0V o TRIELU) gPORT LI oPMY (L) o PKY(1N) 4POY{L0) oSXXLi)0XXEL0),
SSXY(.0,,nRY(L0)gSYXUELuYoDYXE u)oSYYLLO)OYYLO)yLBLLIOD,
6X2(4)y221(4)

ro”"ON/D/AL'QZQAa. A"y‘:q‘b'A"‘e'N; QFRQQKC'SCF l'MDI‘QK°2l~SQK8'
® IKyNH2 PNy AMLMoSPUsSERLySFRyWTSToWTINGWIF, NHL

COMMON/2/KULoKQ39C . sCooNByKANRPyNPU oINCosNHoNSPoINP o YMgDNST o SHM,
SSPST SPFNeSPIN,SCF,UZaQLP K . 9KSy WTFN

CONMON/F/BMXC y SMXS o BMYC o BMYS g VXC o VXS VYC g VY S XC e XSe YC ,YSoDXC o OXSy
#DYS ,C3,C4y NS,y NPU.sy NPDce DYC, NSPL

WRITE (5599)

READ (5,10.)

READ (39.2.) NSy NBy KA, KCs NRP, NPD, INCy NHy NSPoNCLALINP

READ (5,49.) YMy, DNST, SHM

WRITE(E4u4GU) 27

WRETE(Eyi03) 8

WRITE(L g J4INS)NByKAgKCaNRPyNPUy INC o NHoNSPyNDI A, INP

WRITE(oeacCo) 390

WRITE(S9 1O )YMyDNSToSHM . 3.

DNST=DNST/3864259 3

NS1aNS- 35

NH.=NHe | 34

IF{KC) 1964.934.9:

KQ.=4

KQl=2

KQi=¢

GO 1C .97

KQ.=8

KQ2=4

KQ3=8

IFIKA)  .984.93,.99

KB==KA 36

GO TO =258 37

KB=KA 38

WRITE(E4iil) 39

WRITELE,.0Y) 40

DO 2C3 J=, NS ba

READ (592020 RMUJ)y RIP(JY, RITUJY, %LEJD)y RSEIISRWIIDROCJ)

WRITE(Gw2a 27 JoRMIIIZRIP(IIIGRITIII4RLIJIGRSIIDIIRWTIJIRELD) 43

RM(J)I=RM(JI) 365,2¢93 G4
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18
19
20

36
37

40
48
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1128767
Tl - <FNM SUURCE STATEMzMI <  JEN(S) =

RIPLII=RIPLII/IEG, 0O 45
RIFEIDRITL2D/285,009 40
Cl=C,0490817383eYKe{dS{J)esa-RUlJ)00s) 47
RiWi(J)e,, 785398 6204STe(RW(J)se2-RO(]J)ee2) 40
C2%)e87 19030 SHMO(RSIJ)o0~RD{J)002) 49
RS(J)=C 50
IFIC2) 20:4202420. 3.

201 RD(J¥=C./Cc 5¢
GO 10 2.3 53

202 RDIJY=].Q 54

203 CONTINUE 55
READ (592J.) (LBUI)y JalyNB) 84
WRITE(54.09) 57 91
WRITE(G6+19.)(LBLJ) yJ=,yNB) 58 92
IF(NRP) 2:0,210+2¢% 59

204 WRITE(60L1.) 60 100
WRETE(éria2) 6. 101
DO 235 Jsl,iB 6¢
READ (S55105) PMX{Jly PKXUJ)y PDX(J)y PMY(J)s PKY(J), POYLJ) 104
WRITE(Os.Q7)ILBUI)ePHXTI) oPKX(J)yPDXII) PMY(J)4PKY(J)POY L) 64 111
PMX(J)=PMX{J) /38043069 65

205 PMY(J)=PMY(J)/35€. .59 66

21J IF(NPD) 2.44¢81792.. 67

21 IF(INPD/2)e2=NPD) «.3921202.2 68

212 NPDlsNPD/2 69
NPDL==2 70
GO TG 2.7 7i

213 NPDL=(NPD+.}/2 T2
NPDZ2~ 73
GO TC ¢.7 T4

214 NPDl==NPD 75
IF{INPLL/2)22=NPD.) 2i64¢21542.5 76

2.5 NPDLsNPDL/c*a kA4
NPCg=( 78
G0 T0 2.7 79

216 NPO.=(NPDL+1)/2 80
NPC2=i 8i

217 NSP.=] ) 82
REAC (S5¢13¢) WTST, WTFN, WTIN, AMLM 145

230 READ (5410:) SPST, SPFNy SPIN, SFRs SC¥ 146

READ (5.°0:% QZ, Q2P 147
WRITE(LpLa3) 148
WRITE(E9iia) 149
WRITE(b4402) QZ,QLP 150
WRITE(6,115) i
00 2i8 I=i,KQ2
READ (54438) (wQ{Llsddy JI=1lyKQ<) 154
WRITE(69138) (WQ(l,J),J21,KQ2) 159

218 CONTINUE
WRITEl6,id0) 77 ST - e T T166
00 219 f=i,KQ2
READ (S,138) (WSQ(1,4)eJ=14KQ2) 189
WRITE(6,138)(WSQUIJ0,J=1,KQ2) 174

219 CONTIMUF
READ (5,.38) (X2(1)e [=1,KG2) 181

TOwWRITElE.iZI . T T T pe |
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4.

42
242

264

45

246

247
2590

25.
252

LRIV - iFn SQURLE STATEMENT = [FN(S]) -~

YRITEC 0o XU o im, ,%Q2)
SFRleQ, J47.97005r¢
h“l":(:o..a’

IFUINC)Y 243 ¢24a0ive
Kh-.

GC TC 243

K, aNH,

DO &55 J= 4NB
WRITE(E, . L70LB(I)
IFINPD) 25.9444425,
WRITE(byian)

D0 245 1=.4Ka

K2=]-}

READ (59.U3) BKXX(Jplly BCXX(Jel)y BRKXY{Jo1)eBCXY(Jo1)eBXYXIJel),

IBCYX(Jel)y BRYY(Jylde BCYY(J,I)

0Ts25/767

%6
97
98
99
100
101
102
103
104
105

106

WRITE(6p 137 IK2)BRXX{I g 1) gBCXX(J9 ) o BRXY LD, E),8CXY(Se])oBRYX{II)y 109

ABCYX(Js 1) sBKYY( Uyl )eBCYY(J 1)

CONTINUE

IFCINC) 25542454255

DO 247 1=2,NM;

BKXX({JyI)2BKXX{Jsi)

BCXX({JoI)2uCXX(Jps)

BKXY(Jo1)=BKXY(Jy.)

BCXY(JoI)=2BCXY(Joi)

BRYX{(Jy[)2BKYX(Jys)

BCYX(JoI)=28CYX(Jyli)

BKYY{J, 1) 2BKYY(J,.)

BCYY(JoI)2BCYY(Jyi)

GO TU 255

DO 254 K= ,NPD.

WRITE(64143)K

WRITE(69123)

READ (5910¢) PMIN(JIoK)4PADM(JI4K)}, PADK(JoK)y PANG(JoK)
WRITSE(E4202)PMINII LK) o PADHII+K) 9PADK{J oK} 4PANG(J9K)
PMIN{JKI2PMIN(J,K) /3862069
PACM(JsK)=PADM(JoK)/386e0069

PANGl )oK} =G, GiT452.930PANG(J oK)

WRITE(6,1.4d)

00 25. I=i,Ki

K2=1-3

READ (55.30) PKXXUJeKoI)oPCXX(JoK ol ) oPKXYLIoKoID)gPCXY (JoeKyl)y
WPRKYX(J9Koldy PCYX(SgKoldy PRYY{JWoy I} oPCYY(JeK,y1)
WRITE(GoiQTIK2¢yPRXX(I g Kol ) oPCXXTIoK 1) gPKXY{JoKel)ePTXY(JsKol)o
IPKYX(JoKo D) o PCYX{IgKs E)oPRKYYLJoKoL)PCYY(JoeKyl)
CONT INUCE

IFCINC) 254452524254

DO 253 I=ZleNH.

PRXX(J oKy [ 2PKXX(J oKy i)

PCXX{JoKol)3PLXX{JoKou)

PRKXY(JsKo I ) 2PKXY (S oKy

PCAY (JoKe 1) 3PCXY(J Ko i)

PKYX{J s Ko I)2PKYX(JgKo .}

PCYXUJoKo D) 2PCYX(JyKypi)

PKYY(JoKs D )3PKYY(JyKyo)

253 PCYYUJaKel)=PCYY{d 9Ky o)
254 CONTINUE
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110
111
2
113
114
115
116
117
1i8
119
120
12i
122
123
124
125

127
128
i29
130
13.
132

«33

136
137
il
139
140
léo
L P2
143
144
145
146
147
148
149

189
196

204
207

210
219

255
256

X4
-

2¢2

273

276
285
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al725/767

Two - £FN SUURCe STATEMENE =  JFN{Y) =

255 CONTINUE
SPD=SPST

260 WRITE(6422.)SPD
SCFi=0,.047.970e5PC
SCFLsSCFeSCF #SCF.,
Ci=0.5/5CF.
DO 261 1=,,KQ2
D0 261 J=.,KQ2
SR(IQJ'NH.,’OQJ
SE(IsJeNH ) =042
WBII,J)=CieWQ(I,J)

261 WC(I,J)=~C . #WSQ(1,J)
CALL AA2 ($2609823548.90)

99 FORMAT (1H.)
100 FORMAT(72H

4

10. FORMAT(.i.15)

L10¢ FORMAT(LPIZl4e6)

103 FORMAT(.08HOSTATIONS BEARINGS MACN, ST FeM/F/M AIGPED NDeo
IPADS COMPRESS HARMONICS NUCSPEEDS DIAGNGS INPUT)

104 FURMAT(16,.0112)

105 FORMAT(42HO YOUNGS MOO. DENSITY (SHAPE FACT)e«G)

106 FORMAT(8EI.2)

207 FORMAT(IS1PEL6L b6,y .PTEL4eb)

408 FORMAT( 04H STATION MASS,.LBS POLAR MON. INe. TRANSV.MOM,IN L
LENGTH OUT.DIA(STIFF) OUT.DIA(MASS) INNER DIA.)

109 FORMAT( .7HCBEARING STATIONS)

110 FORMAT(1iHCROTOR DATA)

ili FORMAT(.4HUPEDESTAL DATA)

112 FORMAT(39H STATION MASS~X,LBS STIFFNESS~X DAMPING-X MASS
1-Y,L8BS STIFFNESS-Y DAMP ING-~Y)

113 FORMAT(20H.MAGNETIC FORCE DATA)

ilo FORMAT{27H. Q(J)+FORCE Q(0) s MOMENT)}

115 FORMAT(28HOMATRIX OF COSINE COMPONENTS)

416 FORMAT(//713HGBEARING DATA)

1.7 FORMAT({ (9iiJBCARING AT STATIUN,I3)

118 FORMAT (9HOHARMONIC4X IHKXX . UXSHW®BXX iOX3IHKXY10XSHW#BXY OX3HKYX1SXSH
LHGBY}lJXBHKYYLOXBHHOBVY)

1l9 FORMAT{BHOPAD NO.yl3)

12 FUKmMafioon PLICH MUM, [N, PAD MASS PIVOT STIFFN. PIVOT ANGLE)

i2. FORMAT(.3H .ROTOR SPECU=s1PE.3.694H RPM)

122 FORMAT(//13HUHARMONIC NOoel59iiHFREQUENCY=,1PEL3.608H RAD/SEC)

i23 FORMAT(21H,BEARING CCEFFICIENTS)

.24 FORMAT{3H STATIUNSX3IHKXXOXTHFRQ®BXXIXIHKXYIXTHFRQ#BXYIXIHKYXIXTHFR
+OeBYXIXIHKYYIXTHFRQsBYY)

.25 FORMATU(3,H_ROTOR~B:ARING [MPEDANCE MATRIX)

126 FORMAT(:6HIMATRIX OF SINE COPPONENTS)

.27 FORMAT{ _QHJREAL PART)

229 FORMAT(.5H.IMAGINARY PART)

129 FORMAT (4 H.COURDINATES OF STA1IC ROTOR ECCENTRICITY)

230 FORMAT(234H_REAL PART OF A~MATRIX IS SINGULAR)

23, FORMAT( OH HARMONIC=2,15,12H FREQUENCY=,LPEL3.6)

432 FORMAT( .84 ROTOR STATION NO,,f2)

«33 FORMAT(ZoHLFINAL MAIRIX IS SINGULAR)

.34 FORMAT (w9HLAMPLEITULES AT RUTCR STATION wITH MAGNETIC FORCES)

.35 FORMAT{.2H HARMONIC FREQUEICYTX4HX{C) LOXAHXIS)LOXAHY(C)10XAHY(S))
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150
154
152
153
154

740
741
742
743

146
147
748
T49
750
753
152
753
754
155
756
157

760
181
762
763
764
765
766
167
768
769
770
171

323

339
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0r/728/767
Tw0 - EFN  SOURCE STATEMENT =~ [IFNIS) -

L36 FORMAT(///7.2HOWMHIRL ORBIT)
«37 FURPAT( 6H SHAFT RUTAT DEGEXIHX1IALHYIXFHAMPLI TUDESX] 2'HANGLE X~AMP
L) 3
138 FORMAT(iP&t_446)
39 FORMAT(c.H HARMONIC FREQUCENCYSX4HX(C)IOX4HX(S)IBX4HY(C)BXAHY(S)eX8
AHOX/DZ(C)4XBHOX/DZIS)«XBHOY/D2Z(C)4XEHOY/DL(S))
S0 FORMAT(S2ACREAL PART OF IMPEUANCE MATRIX IS SINGULAR)
. FORMAT (15, .PELSL&s LPBEL244)
il FORMAT(3THLREAL PART OF S~MATKIX IS SINGULAR,Ks,13)
243 FORMAT(2SHUINVERSE IMPEDANC: MATRIX)
«&4 FORMAT (54H.INFLUENCE COEFFICICENT MATRIX E (X{J)sEeF) FOR STATIUN.I
+3)
~45 FORMAT{SGHUINFLUENCE MATRIX A (X{J)=AeX({XB)} FOR STATION,13)
480 FORMAT(3SHLINVERSICN MATRIX FUR A IS SINGULAR)
+&7 FORMAT{35H. INVERSIUN RATRIX FUR E IS SINGULAR)
1643 FORMAT(3IsHOINVERSION MATRIX FOR S I35 SINGULAR,K=13)
STGP
END
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et

40.

402
403

404

ar/728767

SAL - E€y SOURCE STATEMENT =~ IFN(S) =

SUBROUTINE AA2 (e,9,8)

COMMON/A/ BKXX(aUpal) o BCXXU Cpil)oBYXY (e ideBCXYELD,52),
LBKYX(20edidoBCYXIL1T9aadoBRYY (Lo ) oSCYY([O0ii)oPMINT O,5),
QPADMULG93) yPAUK{ D950 9 PANGL .Co5)sDEVN(444) owCC(491)oCMR(4y8),
CME(498) yAMRIA 1B g AME( 498 ) g WR{G04) g WEl4sa)anALlG)e) o B L4,4),
AHC(%+4) o WQ(404) oy WSClesa) s URLA24)oUC(404) s EMRIGy 2D oCME(A,4),
SXR(4pl1l)oXi(a,oll)

COMMON/B/ PXXX{ iUy S0dadoPCXXT 00892 ) oPKXYLCoS911)ePCAY(i045,..10,
1PKYX(a0050. i) oPCYXU 050 iioPKYY (. 00500u)ePCYY(.305e1. )
26RU298950) ¢GE12¢893C ) e SRUG My L) oSELLpae i) ¢ XCS(4950¢.1)
IXSSU49529h .00 YCSLA950910)4¥5504050,.1)

COMMCN/C/ RM{3D)oRIPLSCIoRITICI9RSI3I0)RW(3D)4RD(30),RLIZC),
IDVXAU3C)OVXBI3C),DIXCI3N),0UVYXOL3C),OVYA(33),0VYBL30),0VYCL30),
20VYD{30) 4 DVUXI3G):0VUY(30) s UMUXI3U) DMUY(30),0MXAL30),8L(30),
382(3C)483(30)4B4(37),851300,80(33),87(30),86(30),89(3.),B10(30),
APMXL{ 0) o PKXTLC) oPOXU .Y oPHYL LU o PKY{0D)oPOY L0} oSXXLI ) 0XXE10),
SSXYLLG) oOXY U U pSYXLLG)eDYXELu)ySYY(LD)eDYYL D) eLB(1G),

X2 {a) X2} . .

COMMON/D/A.sA29Ad g AlgASs 865 AT 4 ABGNF ¢FRQXKCoSCFLONDIASKQLWNS KB
® JKoNHC  HNyAHLM o SPDSFRI¢SFRyWTSTyWTIN,WTF, NHi

COMMON/E/KQaoKQI9C.9CeaNRByKAJNRPyNPD 9 INC o NHINSP, INP oYM DNST o SHM,
OSPST ¢SPFNgSPINGSCFRoUZolP oK. 9oKZy HTFN

CONMMCN/F/BMXC o BMXS o BPYCy BMYS o VXC ¢ VXS VYC o VYSe XU o XSeYC o YSeOXCyDXSa
#0YS4C39C4y NS.y NPDLy NPD2, DYC, NSPi

00 530 IK=_,NH.

IH=NH] 4+ ! =]K

NFxH=2

HMN2NF

FRQC=HN®5PDeSFR,

FQ2=FRO#FR(Q

HN . sHN#SFR

IFINCIA) .1 ,402:4,

WRITE(G6512c)INF,FRQ

WRITE(b0423)

WRITE(b9adu)

D0 425 J=_.,N8

[F(NPD)%04,403,4)4

DasBKXX(Jy[H)

De=BCXX(Jo IH)#HN,

D3=BKEY{(Jy [H)

D4=BCXY(JyIH)#HN .

D5=8XYX(JyiH)

D6=BCYX{Jy IH) ®#HN

DT=BKYY{(J,IH)

D8=BCYY(Jy IH) #HN,

GO TO 4.6

0.=20.0

D2=Q.L

N3=Q,0

[PLE IV RYY)

D520.0

D6=20.C

D7=0,0

D83¢.y

00 4i5 [= ,7P0.

=203~

157
158
159

161
162
163
164
165
160
167
le8
169
170
171
172
1713
174
175
176
i
178
i79
180
18,
182
183
184
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0T72%/767
SAL <FN SUURCE SIATEMENT = [IFN(S) = -
CosFQOZaPMINIU, 1) 185
AZ3PKXX(Jy Lo IH) . 186
A22PCXX(SsdsTH) O HN 187 b -
AJ=PKXY{JgLsIH) 168 4
ALsPCXY(JylolH)OHN, 189 g
AS=PXYX(Jy[4IH) 190 -
AS=PCYX{JyBolH) OHN 19i o
AT=sPKYY(JoeloiH) 192
AB=PCYY(JololH)OHN 193 o
C2=AT-C. 194 .
C53PAUK(Jy [ )=rQ2ePADMIIs ) 195 o8
Comh_ o(C!? i%0
CSsChraCe~A oAB-A3RASPALRAS 197 .
CoxCLeA3C oAz -A30A-ASRAY 198 . &
CT-L%e(5+C-*Co 199 . ! 9
C..Rx=C3e(C:0C2¢CE0AB)/CT 20U i
ClibsCie(C.epAB-CceClilT 20i i
C.2R=C e (C-2A3+4C20AL)/CT 20z =
CicenCie{CueAa-CueAs)/C? 203 ; -
CZ.Rx=C3e{C58A5¢CL0AK)/CY 2046 .
C2.cxCiu{CosAS-C5eas) /(Y 205 -
C2/Re=C o((5¢C4+ChAL)ICTY 206
CZz2E=C . (L 9C6~-C5eA ) /(T 2c7 i
DKXX=Cy ReA:=(C. E®A¢CoROAI=CL1E®AS 208 i o
DCXX2C. KOA +CLLERA 4CcIROAGH(LLERAS 209 | ’
DKXY=®C  2R®A ' ~C_2Z#A 4C22R®AS-CI2C9%A4 210 | 9
DOXY=C ZReA_oC_ 229A 4L 22ROAS+(2EeA} 21i : qg
OKYX=C, ReAS~C . Z0AudCclROAT-C2iCoAB 2ic ' 2
OCYX2C, ROACH+C.LLIE®AS+CLLROAS4C2IERAT ) 213 ) o
DKYY=C 2ReA5-CL2C*AL+C2cR®AT-(C22€E®AY 2i4 i ¥
DCYY=C . 2ReAGHC,2E#AS+C22ROAB+L22E#AT 215 ! 1t
C3=PANGI(J, 1) zle : .
C1=CCSICI) 217 40 r i
Ce=SINLC2) 248 41 ;
Ce=Cr el 219 :
CsxC2eC 220 ‘ e
A,=DKXX#Ca4DKYYCE 22. ‘ p
A2=DCXXeCl+DCYYSCE 222 ;
A32UKXYaCa-DKYX®C) é23 I 3
A4=DCXYe(C4~0CYXO(S 244 : .
A53DKYXaCH-UKXYeCS 225 ; -
A=DCYXeCo-DCXYCS 226 | s
AT=CKYYe(C 4 ¢DKXX2CS 2217 ;
AB=DCYYeC44DCXX2C3 228
IFINFOC#L) @ Upbs5940> 229
405 1F(I-31) 4.t,400e6 7 236
406 [S(NPDZ) 439,4U%9u.0 €31
407 IF(1=NPDL) 4.0y4l.84428 iz
408 IFINPD2) 47 0,40954.9 33
409 D.aDI+A. 234 |
N2=02+4A e3> j
D3=D3¢A5 230
De=DatAn 237
D5=D5+A S 238 ;
D6 =D +A~ <39 !
0T=0744A7 ‘40
-204~
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410

415
416
447
420
421

422

SAL ~ EFN  SOURCE STATEMENT <« [IFN(S)

0AsD8+AS

GO TO 4.5

Di=DieA #A.

D2sD2+4A2+4A2

D3sD3¢A34A)

DesDA¢AG+AL

DS5=DS+A5+AS

D6aDb+AL*AS

DT=DT+AT+A}

D8=08+AB+A3

CONTINUE

IFINDIA) 417,42Ce4.7
WRITE(G6,.07)LBlJ)¢yDieD<9D3,V4:D5,06,07,08
IFINRP) 42,.942i04c¢

SXX{(J)=Di

DXX{J)=02

$XY{J)=D3

OXY{J)=Dg

SYX(J)=D5

pYX{J) =06

SYY{(J)=D7

DYY(Ji=C8

60 TC 425

Ci=PKX(J)=FQ2ePMXLJ)
C22PKY{J)=FQLiePMY(J)

C3=FRQePDX(J)

C4=FRQ#PDY(J)

C5=0.+C.

Cé=D7+C2

CT»D2+C3

C8=DB+C4

Al=(C58C6=-CTeCB8-D38054D4eD6
A2=2C52CB+CoeCT~L3800-04e(5
CO=AloA +A A2

A3=CleC6~C3sC8

A4=CleC3+C3eC6

ClLR={A3eA +AGeAZ) /CI

CLlEz(ALeA ~A30AL) /(Y9

A3=C2#D3=C42D4

A4=C2000+C 4003

Cl2R3={A32A +A4eA2)/C9

Cl2E==(A4@A =A38AZ 1 /C9

A3=CleDs-C3206

A4=CleDe+C3eD5

C2lR==(A3#A +A48A ) /(9
C2lEnx=(A4eA[~-A38A.)/CY

A3=C2eC5~C4yeC7

A4=(28CT+C4eC5

C22Ra(A3eA +AGeA2)Y /(9

C22E=(A4eA ~A3eA.) /(9

SXX(J)=Cl ReDi~C1_Z2Dc+C2LR2D=C2.E2D4
DXX(J)2Ci . ReD2+C. oD #CLIReD4+C2,E*D3
SXY(JI)=CL2ReDI=C oD 4C2.R0D5=-C2LER04
DXY{J)eCL2R0D2+4C 1 30D 4CZeR20-+C22E9D3
SYX{J)=CLlik=D5-CL .F*D64CIReyT=C2_EeD8B
DYX({J)=C.LR8D6¢+ .. eD5+4C2 ReD0+C2 . FeD7

-205-
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241
F-L ¥
343
244 i
s !
246 .
- 247 ;
. 248
. 249
250
25i
232
253 58
254
255
256
257
258
259
260
261
. 262
263
264
265
266
267
268
269
Py
a7t
Fyp
273
274
275
276
217
279
279
280
285
282
283
284
85
286
287
288
289
290
29i
292
293
29«
29%
296
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R e e e L

25

44,

442

443

Y44
445

BY 1N - FN SUURLE STATEMENT

SYY(J)nC.2R005~C.. 006 +C I KoL T-C2.E0D8
DYY(J)aC 2700640 . 250D54C RoS4C22E0DT
CONT I YU

00 @47 J= NS,

C.=RS(J)

28FCionn' y)

Cieruty)

CéesC2/¢C.

C5aSORTICY)
CH=SCRTICS)
CTsRL )

IF{CaeC7-1,93) L6 _gbhilobb,
C8=CleC?

Bltdys_,¢

82(J)m,,.C

BitJ)=C?

B&6(J)=C?/C.
Belalebs(J)/2.00C7
B7(J)1eBa{J)/3,50CT-CI0CT/CLe2,
85(J)=C2e47(J)

BBlJ)aCs

BO(J)InCa/2..eC7
BidiJ)=09(4)/3,0eC?
GO TO 449
C8sCleC3ely
Cox_3e(S

IF(C8-0,00.2) 443, 443,44n
C8-¢.0*J.5'C8
GO TO 445
C8=SORT(Li..+CB)
AS5aC5e(C8~(9)
A&s(5e(CA+C9)
A9=AS+AL
A3=S0RT(A5)
Ah=SQRT(AD)
AT=AleA5
ASmALeAs
AisA3eC?
A2sAbe(7
TWOPY = 2,83,14i59:6
Di= COS(AMUD(AZ,TWUPL))/Z7A9
D2= SIN(AMCD(AZ,TWOPI))I/ZA9
D5=EXP(A})
0421,0/05
0320.5¢(D5+404)/7A9
D&4=0,54(D5-D4)/7A9
BliJ)=ASaD:+A62D,
82(J)=A58D3¢A5e0,
83(J)I=A3eD4tAGe(
B8(J)aC2eB: 1Y)
B&(J)=(D3-01)/Ck
B9(J)=C2e(D3-D.)
B5(J)=C58(A4eDa=A380?)
Bid(J)=CieBS( 4}
Ca=CleCs
BolJ)={ABeD4G+AT7#C2)/CH

~206-

~ IFNIS) -

Q7725767

297
298
299
300
304
30¢
303
304
3¢>
306
307
08
309
340
k) 9]
3i2
3.3
3i4
315
3le
3.7
zi8
319
320
32.
322
323
324
323
326
327
328
329
330
33,
332
333
33
333

338
339
340
34,
362
343
344
345
E LY
347
348
349
350G
35,

9
95

19 _

121
122

123
124
125
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SAL - EFN  SOURCE STATEMENT

B7(Jin(ATe04-A8eD. ) /C¢

449 CONTINUE
00 455 4= |,NS$
CleFQ2eRM(J)
OVXAtJ)=C,
OVYA(J)=C]
OvVXalJ4)=0,,
OVXClJ)=0.y
OVXD(J) =0,
OVYBIlJ)e0.,
CVYCtJI=0,3
OVYD(J)=0,.y
DMXA(J)=FQLeRIT(J)
DVUX(J)=0,.
DVUY‘J,.O.V
OMUX (D)=,

455 DMUYIJ) =0, .
00 456 Jy=_,NB
KisL E(J}
DVXA(K;)'DVXA(KL"SXX(J)
DVXB(K.)=DXX(J)
DVXC(K.)2SXY(J)
DVXD(K.)=0XY(J)
DVVA(K.)'DVYA‘K;,°SVY‘J'
OVYB(KZ)=DYY(J)
DVYC(K . )=SYX(J)

456 DVYD(K.)=DYX(J)
DVXA(KBI=DVXA(KB)+G2Z
DVYA(KB)‘DVY‘(!B)QQZ
DMXAIKB)=DMXA(KB)+G2ZP
CALL BB2
DO 486 J=i,4
DO 486 Ia;,4
WRILI,d)=AMR(S,0)

486 WE(I,J4)=AME(],])

CALL H‘TlNV(HRchHCC.O,DVN.lD,
GO TO(«81,460),1D

46C WRITE(Gy.3.)
WRITE( 9.3 INF,FRQ
60 TO 3132

480 IF(INF) 45744574482

457 DO 458 I=,,4
DO 458 U=, ,4
AME(Ted)=0,0
UR{L s Jd)=WRTI,4J)

458 UE(L,0)%0,2
GO TO 459

482 CALL HATINV(HE!@,HCC'J'DVN’lD)
GO TGl453,457),10

483 0O 488 Ix,,4
DO 488 J=_,4
CA'\—J)G
DO 487 k=_,4

487 CA‘CL‘&R(ng)’AHE(K-J"HE(I'K’CAHR(K'J,

488 WAll,J)=C .

CALL HAT[NV(NA,“-hCQ'v'DVN'ID)

-207-
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0vr/25767

352

83 .
354

3ss
356

sy

354
359
360
30i
362
363
364
365
60
36?2
368

369
3710
37i

ar2

373

374

3715

37

n

378

319
389
38.

472
473
474
475

479
480
48;
482
483

189

202

204
205

223

242
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i ) Q1728767
] SAaL « :Fn SQURLE STATEMENT « JFN(S) -

f GO TC (7:547220, 10 - }
, : 7092 WRLT:(iy.6.) ' 244
- j WRITZU LI INF O FRG e 248
60 10 33
703 DO &8 s o6
VO 90 J= 44 483
C.=0.¢ 486
Cisvov T 487
DO 439 K=_,4 489
C.vClowAll K)awa (K, d) 489
4873 C2eC =WA([sK)ONRIK,J) 490
UR(1eJ)sC . 49,
A9) UrtledteC 492
459 DO 49 I 4
00 492 U=, ,KQ3
Cos0.u
Ci.-J-v
(o]8] th K...‘O
Coml. =UR(I\K)SAMRIR SI+UE (L K)SAME(K )
A4S, ConCi~URITWKICAMI(K,J)=UF(LK)OAMKIK,J)
WRULed=4)a2(
49¢ WiElled=n)als
UO 49‘0 l‘~"
00 494 J=_ ,KQ:
C.=CVMRIIyJea)
C2=CME(T 44}
DO 453 K= ,4
CisC.+CMRULVKIONRIR,JI-CMEl I oK) oNE(K,J)
493 C23C24CMRIT s NIPWEIK 9 SI4CHME(L oK) OWRIK )
UR(L,J)aCi
494 US(1,Jd)=C2
IF(NDIA) 754473547355
‘ 79 WRITZ{Ep.43) 311
MRITZ(:y.217) 312
WREITZ (6933 (LURIT ) od=" gKQ2) ooy a) k)%
WRITE(ce.22) 3ai
WRITEleo 3u)(UELTL 4d) 021 4KQZ)pln 04} 322
705 IFIKC) 61 .46.346. , )
613 DO 497 I=4y2
DO 497 Jmy,2 — 532
IFIKC) 6..94959493
495 EMR{I4J)=UR(I,J) 514
EME(TJ)=Uc(1,4J) 518
GO TD <37 5.6
490 EMR{I,J}aUR(I+2,J) 517
EMELT o J)mU- (T4 d) 5.8
497 CONTINUE ‘ 519
CLmEMRI.oa)SEMRIC, I=CMRE Lo JOEMRUZ 1) =EMEL Lo ) #EMZT12,20+ 520
JEME(L Z)®EMZ(2,41) Sii
CIENMR{ . g )OEMIt iy J4CMRI29ZIREME( o V=EMR (92 )+ EMELZyL)= 52z
LEMR(2y decME(L,2) 523
C3={C.eCo+C2eCZ)OSCF. S 4
Ci=C./C3 525
€22€2/C3 L P
URLied) aC . WCMR{,Z)4C28EMI( L0 2)
UR(1,2) 2CLeEMR{ioc)~C20EMelLy2)

=208~
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611

612

613

614
615

616
617
618

6i9
624

106

707

621
622

623
498

499

SAL - EPN  SOURCE STATEMENT = [EN(S)

UR(2,+1) saCleEMRlLg )=CopcMcl2,yl)
UR(2,2) a CoegMRiLoadeC20EMi(i0.)
UE(Ls1) o CLoEMElzoa)=CloMR{2,2)
UELLy2) s=C O0EMEl Lo J#+CcocMiti(el)
UE(2,1) aeCioEMc {200 )8C2OZMR(C0a)
UE(2,2) 2 C.oEME( ou)=CiocMRl,.)
GO TQ .3

DO 412 I=.,4

D0 612 J=_,4

EMR({IyJI=URIL,J)

EME(LoJ)=UE(T,J)

CALL MATINVIEMR,4,NCCyCoDVNy L)

GO JO(6.450.3),1D

WRITE(G e 42)

WRITE(cs13.) NF,FRQ

60 TC 53v

IFINF) 6.5961546.7

D0 616 Ia;,4%

DO 6.6 Jm,ie

UR(1,J)SEMR(]I4J)/SCF

UE(I,sJ)=042

GO 10 &£23

CALL MATINVIEME 44 WCCoCoDVYN, V)

GO TClo.8¢6:.5),1ID

00 620 I=.,4

DO 620 J=_,4

(i20.0

DO 619 K=_,4

CLsC_+EMRILoKIOQUE(KeJ)$EME(T ,K) QURIK I}

WA{l,J)=C.

CALL MATINVIWA 4N CCyuysDVYN,ID)
GO TO (707,700),1D
WRITE(De.%7)

WRITE(upo3 INF,FRQ

GO 10 530

00 ¢22 I=.44

DO 622 J=i44

Cl=Q.0

C22040

DO 621 K= 4
ClaCie+wAllK)ecME(KyJ)
C22C2-WAll K)eEMRIK,J)
UR(I+J)=C./SCF.
UE(L,J)=C2/SCF.

IFINCLA) 498,499,238
WRITELGe.20)

WRITEtce 21)

WRITE(S, 368 ((URIT ¢ IV ed= pba)ol= 44)
KRITE(Ge..20)

WRITE(G9 30 ((UELTI 4D edni ) yix_ya)
DO 504 Js=, NS

DO 50. I=442

DO 5304 K=i,KQ?

Coa3GR{ 14K+ 3)

C2=GE( [ yK++9d)

00 5CC L=i4é
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N 31725761
i Sit . - :Fi SGURLE STAIEMENT C=  IENIS) =
v C.aC 0wl olodlowr Lok} =GZlloLoddew (L, ,X) . ‘ :
20 Lanl 250l d)od (LoKISAE (Lol o J)aNRILK) o o ' o
CVeflyk)al
ce . CMZLTen)ag,
00 275 1= yKyg
C oAy, ' : E o ) ’ .
Cu®ury e :
Cime ..
Cen. .y
DU 55¢ Ka L4KGQe
C. ol ¢LMRE oRI2UMERNg L) =CMEL gh)oULIK,IT)
ConC -+0MRE GyKIQU_ (X L3 eCMEL . gK)2URIK,T)
CaaC *CMRUoyKI®UWIR ) =CMEL oK) OUL(K,T)
30 CazxCutlvRI_yK)®U_ (Lo LISCMElLohIPURIK,T)
: XC35(1oJsiH)=C . #3CH
i XS3(TeJdelHI=Con5CF
f YCS(UeJoEHI2L 2 ¢SCF ,
| cu3 YSSUledelH)2CoeSCH 3
IFINRIA)  Tubelity. .o ‘ | A
768 IF(J-Kb) 240 0C o5 - s B
Tuy WRIT-(" . 440d ' ’ . 50% o
WRITUlcei2T) : ‘ 506 4
WRIT:Z o9 00 ) ICMRET oK) K= okQL) =y 2) T 507 b
WRITCHue  20) 5i3
WRITE(O w33 TICHI( oK) oK oKQ )oI=l,2) ) LY -
WREITE(z9.05)d - 524 i
WRITE(Ey.20) 525 S
WRITE(0e. 330 I{XCStLsdelt)yl=.ykQ2) 526 '
WRETE (e  30)(YCSilodolrd e I=_4KQ2) ) 53i i
WRITE(S9221) ' 536 a
WRITZS(69.3.0(XSStTedelH) o 2_4KkQ2) . 537
WRITE(G9 300 (VSSILodeIt)el=i9KQE) 542
50« CONTINUC ‘
IFINF) 5l,032854303
505 DU =27 I=},KQ¢
00 307 J= . KG2
CizUR(LleJ)
C2sUk(14J)
DO 536 K=_,K«-
CoaC ¢WBULoK)®S: (KyJoJH)~WCIT1K)2SE(KyJsIH)
506 C22CcetnBlloK)OSE(Kgdg [H)ENCIL oK) 2SRIKyJs1H)
WR(I,J)=C.
507 WE(l,J)3C2
X IF(KC) S5..,5U08+%53¢
) 508 CoaWR(Zoi)OWRIZsIN-WRE g 2IOWRE g ) -wEL Ly VOWE(2,2)4WE(L 2)onEL:,L) 60i i
' C2=WR{ oLl oM (29 ) tmRUcoZ)ouEl g )=wRLp:Z)ONCl2ol)=WRIZyLIBWEL L o2) 6Ue . '
C3=C eC +C (2 603 ]
. Ci==C./C2 604 !
: C2=-C2/C3 ) 635 K
: EMR{_y . }=C oWR{p: )4C®WE(_y2) 8Go . -
EME(Ly . )eC . #WELLyc)-Ce®WR () 607 i
EMR(1g2)a=C #WR(1y 3=C.O0WElLy-) 608
EME(Lya)=CeoWR{L1,y . )-CLaeWElLy2) ouY :
EMR(Zy_)m=CoomR{:y ) =CivWily.) 6.l )
EME(2¢a)3CcoWRiCy s P=CLonElcy . ) 64. }
EMR(24c)=C #WR{ Ly . d#CooWElL, ) 6.2 H

ERIFE P PRI S RS

PUELY

it o mastd
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SAL - oFN SUURCE STATEMENT = [IFNLS) -

. EHE(Z.Z"C '“E(AO )-C‘OHR(..Z’

51,

5i8
519
709

Tle

5290

52.
522

523
524

525

320
527
‘8

€au

GO TO £2¢

DO 5.2 18,¢%

00 2ié J=.e&

UR(1eJd)2WR(1sJ)

UELLed ot )

CALL MATINV(UR 4 WCLyuoDVNy L)
GO TO (51495.2),1D
WRITE (Lo LALINF

60 70 530

CALL MATINVIUE »44WCC oL oDVYNyLD)
GO TC (51745.5),1D

DD 5.6 I=2,44

D0 5.6 Js_ 4

EMR{T4J)==~UR(1,J)

EMZ(T,4)20,0

60 IC 52z

00 5.9 I=.,4

00 5.9 Ja,,4

Ci=v,0

e 5.8 Ks 4%

37728761

843

ClaC  4UR{LyKISHEIK s JIPUCTT oK) @WR(Ky J)

WA(L14J)2C.

CALL MATINV(WA.&4WCCouoOVN,ID)
GO ¥0 (7.5+759),10
WRITELOrLa5 INF

€0 TC 535

DO 3:. I=_ 4

DO 521 Js.yeé

CimQdsi

C2%9.0

DO 520 K=_,4
CiaCilowaAlI K)euc(Kod)
C2=CZ~WA({1,K)eUUR(K,J)
EMR{T4J)==C,
EMELTJ)==(2

DO S24 1= ,.,KQ2

DO 524 J=(,K0Q¢

Ci®0.,0

C2=G.{

DO 5¢3 K=,,KQ2

éle
(YY)

CLl3C +cMRITIKISWAIK,JI4EMELESK) oW (KyS)
C2aCl4ZME{ oK) ONBIKyII=EMR(ToK)ONC(KeJ)

SR{IsJeNF)=C.
SE(IyJeNFY=C2
GO 10 533

DO 578 I=..K(Qe
C220d.¢

DO 327 J=_.KQ<
C.=2u,y

CO S5z¢ K=.yKQz

CoaCie,  GowBlLloKIoorIKedy ) =3, 00N0L1oKDIOSZ(KyIy" )

C2=2Ci=C X2t}
DEVN(T s J)=c . #UR(T4J)
WCCUT,y )=C_

CONIINU-
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SAL = EFN  SOURCE STATEMENT =

. .CALL MATINV(DEVN,KQZ2sWCCo.oDVNyID)

531
35490

S4.

L LT
543

545

546

547
548
549

344
559

55.

552
553

TO (540531),1D
MRITE(&0i33)
¢0 TC 399
0O 541 [=1,KQ2
XR(Io1L)sNCCUIsz)
XE(Lol)m0.3
X2 . (1)=XZ(I)oNCCUL, 1)
00 543 [=]1,KQ2
Ci=0.0
£2=0.0
DO 542 JU=1,KQ2
CleCle2,00SR{l,dpadeXZ2UJ)
C2+C24L,005E(lodoidoX2itJ)
XR{Is2)2CL
XE{1y2)2C2
WRITE(69134)
WRITZ(09439)
NH2aNHL
00 553 [IK=_4NH.
NFa [K=
bibe =t
FRCsHNeSPDeSFR.
LALMWe(
IFINF=1) 535095504345
00 549 I=,,KQ2
Ci=0,0
C2s=0,0u
DO 546 K=, ,KQg
ClaCieSRUT oK yNFIOXRIKyNF)=SE{[9gKyNF)eXE(KyNF)
C22C24SRUTWKyNFISXC(KoNFI4Sc(LgKoNF)eXRIKyNF)
XR{IsIK)=C.
IFLABS(CL)-AMLM) 547,547,549

IF{ABS(C2i-AMLM) 540495484549
LALM=LALMS.

CONTINUE

TF(LALM-4) 353095449544
NH2=IK

WRLITEL: 9 L& INFoFRQoXRU Lo IKD o X (Lo IX) o YRI29IKI ¢ XE( 29 KD o XR{3SIKD o

AXE(3 o IK) o XRIAIK) 9 X (e IK)
DO 55¢ J=_,NS§ ’

Ci=C,u

Ci=G.0

C3=0.v

C4=0.0

DO 551 K=/ ,KQ2

IENES)

ClaC +XCSIKoJo IKIOXR{KyIK)I=XSSIKyJe IK)OXZIKIK)
C22C24XCSIKodo IKIPRI(KIKDISXSOH(KoyJoIK)2XR(K,IK)
CIuC24YCSIKsJoIKIOXR(K 9 IK)=YSS{Kydg [KI X . (K,yIK)
ConCleYCSIKsJo IKI O X (K IRKDISYSItKedp IKI®XR(K,IK)

XCS{ipdoIK)=C.
XSS{leJelKI=(2
YCS{.9JdoIK)=C3
Y3S5(.edeiK}=Co
IF(LALPM~6} 55345374359
CONTINUS
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SAL = tFN  SOURCC STATEMENT = [I#¥N(S) =

539 DO 570 J=s.yNS
WRITE(Os13.0J
WRITE(39433)

00 354 1K= 4NHZ
NF=IK=~_

HN=NF
FRQuHNeSPDeS R,

0T/125/67

803
804

554 WRITELS oo JIINFoFRIAPZCSE Lo do K)o XSSU_ ool YCST oJdeIKIpYSSE.oJdpiK) 808

WRITE(Gya0u)
WRITE(E,u3T)
C.swiST
585 C220,0.7652.93+C sSFR
C32XCSt odys)
Con¥CS{ 9Jdos)
£5+0,0
D0 556 IK=_yNH2
C3=CS5+C,
C6=C0S(CE)
C7sSINLICS)
C33C34XCST . 529 IKIOCO=XSS{ oo IK)OCT
550 C42CaeYCSU. 1 JoIK)®CE~YSSULododK)eC?
CS*SCRT{CIeCI+C4heCy)
Di=C3
D2+C4
IF(C3) 504,557,556
557 IFICA) 559,560,558
558 €5%99,)
GO TO o7
559 C6=27C.)
GO 10 =&
5690 C620.,0
GO TO 567
561 IF{C4) S63,5620562
56¢ C720,0
C8257,:9578)
GO TO %60
$63 C7+360.)
CB=~57,295789
Co==C4h
GO TO 5456
564 C3a=C3
C7=.80.2
C8a=57.295780
IFICA) 5635,566,56¢
565 C8=-C8
Cha-C4h
566 C6=CT+CBeATAN(CA/C )
€67 WRITE(S)102)C140.L90c9C3,C6
CLsC.+WTIN
IF{WTFN+0+JG00IL~C .} 370957u9555
£70 CONTINULC
599 SPD=SPD+SPIN
IF(SPFN+0..00001i~SPD) 6Curolduebl
600 NSPiaNSPi+.
IF(NSP=NSP_.) 0601,2309¢33
60. IFUINP) 63292906t .c

-213-

813
8.4

820
82i

8as

848
849

734
735
136
137
738
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277257617 S
seL = cFu SOUCE STATEMENI =~ IFN(S) - b

.si FORMAT( P35. 4e5) ‘ ' 743 4 “
w1 FOMAT( L,y P2 5,59 PTE . .4,00 749 )
"2& FOSMATU/Z.:H HARNEUEL NOGol3e . HeFRIQUENCY o P8, 3,584 RAD/SEC) Y S
e FORMAT( .. H.B_ARTYL CUEFFICISNTS) T8 S
26k FURMAT (M STATIUN. KoMK XXIXTIIFRQEBXXIXIHEXYIXTHFRQOAKYSAIHRY Y IR THFR 769
OdYXIXAINKYYIXTHER SeBVY) (] o
&5 FURMAT (¢, M. 4OTCR-¢ ARING IMPZDANC. MATRIX) . m L

ST FORMATL UMM AL Pl

En FUAMAT( SH,IMATINASY PART)

30 PURPATL &K R-AL PART UF A-MATKIX §S SINGULAR)

3. FORMATL OH HARMONICHa, 039 .2H  FREQUENCY=, LPELIL6) -

L3¢ FORMPATL 3H ROTOR STATICN NO..12) T

.33 FORMAT (. SH,FINAL MATRLX 1S SINGULAR)

34 FONMAT(S9H AMPLITULZS AT ROTCx STATION wITH MAGNEZTIC FORCES)

L35 FURIMATL, L1l HAKMONIC  FHREQUzCYTXAHX(C) . oX4HXIS) LIXAHYILZD IOX4HYIS)) :

.39 FORMATUZ// 2HCAHIRL ORBITY :

37 FURMATL 2H SHAFT RUTATJDEGIX nX.3X HYIXIHAMPLITUDE4X:ZHANGLE X-AMP ‘ %
<L)

.36 FURMAT(.P4. 445)

.39 FORPAT(. .H HARMONIC FREQUANCYSXGHX(CIBXLHXIS ) SXSHYIC)BX4HY{S)cX8
JHOX/PZ(C)wXAHDX/DZ IS )« XHHOY/DLZIC)aXaHDY/DZ(S)) .

wg FORMAT (oM. K_AL PART UF IMPZUANCE MATRIX IS SINGULAR}

b, FORMAT(Ioe PE.cady P2iile4)

leg FURMAT(.TH.RZAL PART UF S-MATRIX IS SINGULAR,K=,13)

i3 FNYMAT I 3H.INVERSS [MP:ZDANC: MATRIX)

o FORMAT(5+H.INFLUINC: COEFFICICNT MATRIX £ (X({J)aseE) FOR STATIOA,I -
Y ‘

.45 FORKMAT(-6H.INFLUCNCS MATRIX A (XtJ)=AeX{KB)) FOR STATICN.I3)

.46 FORMAT(:3H_INVCRSIUN MATRIX FUR A IS SINGULAR)

el FORMAT( :ZH_INVIRSIUN MATRIX FUR £ IS SINGULAR)

.43 FORMAT( :8HLINV.RSION MATRIX FUR S IS SINGULAR,K=[3)

e

¢td RETURN |
23U RcTURN !
<90 RETURN .
602 RETURN
ENO 170




46.
462
463
464

463

ST128467

LASS - _&FN SOURCE STATEMENT =~ IFNIS) =~

SUBROUTINE 882

COMMON/ZA/ BKXX(L o0 caloBCXXE "o al)oRKXYE DoandeBCXYL Coaulde
XBKYX(.JQZL,OBCYX‘:.QLA’QBKVY‘.O'1."BCY7|1§91}’Qpﬂ‘N' Co%hy
2PADMI10s5) ,PADKL 2920 PANGL .Co5) sDEVNLGew) o WCC o Jolrit(4,8),
ICHME(L 98 g AMR( 498l o AME( 4B g WR(496) s WEL Qo) o WAlA, ), uBL4s4),
QUCLOs0) o WQl A4 ) g WSLUL4pa) s URT N2 JUS(4o4) sEMR(Q@ ) sEMF (4040,
5XR{4y2o)oXcloyas)

CNOMMON/R/ PRXXE LG 30ad doPCXX( . 09Sea . hePKXYLLue 59220 ePCXY{iS5,. by
WPRKYXCao9300 ) oPCYXCiJgS0aldoPKYY( 09350 1:)ePCYY{LJ9e%92 )
2GRU298950)oGE(:gBe5u)eSRUGy vy 1) sSEldeae i) oXCSU4,3%, i)y
IXSSU69539l.)eYLSL49309uilo¥SS4eSLs..)

COMPON/C/ RME3ID4RIPLIZISRITISOIoRSU3D)4RWI3U) sRO(IC) 4RLLIQY,
10VXAL30),DVXB(30),0VXC(30),0VXDL20),NVYA(3u),0VYBL{30),DVYCL20),
2DVYOU3G) ,DVUXT{30)yOVUY(3D),0MUX{3ID)OMUY(30),DMXA(30),8.83C),
3B2(30)9B83(50)sB4(3.)eB513C)eBLU30)4BT(32),B8C¢30),B9(3.)481G(30),
APMX( L0} 9PKX{LO) oPOX{Lu)ePRY(Lu)oPKYLLO)ePOY( 0D oSXXULL)90XH(LO),
5SXYLL0)oDXYL10) 9SYXULU)oDYX( 0} oSYY(10),0YY(.0),LBLIC),
6XZl4) X2 . (4)

COMMON/O/ZA_yAZ oA  AdgASeASs AT JABGNF ¢FRQ, XL s SCFioNDIAZKGZ NS KB,
® IKeNHZ I HNyAMEMSPLoSFRLoSFRyMTST,WTIN,WTF, NH4

COMMON/Z/KQLoKQ34C L oClaNByKAJNRP ¢NPD INCoNH NSPINP YV (INST ¢SHM,
CSPSToSPFNeSPINGSCF,UQZ,Q2P K1 oK2e WTEN

COMMON/F/BMXC o BMXS ¢ BMYC o BMY Sy VXC o VXS oVYC o VYS9 XCyXSoYC,YS,0XCyDXSy
#0YS,L3,C4y NS1e NPDiy NPD2y DYC, NSPI

D0 485 I[=.,Kk0:

BMXC=0,0

BMX $=0,5

BMYC20,9

BMYS=2(,.

VXC=0,0

VX5=0.0

VYC=C, 0

VYS=5e 0

XC=0,0

X5=0.0

YC=0.4

DXC=2,.4

DXS=3.C

DYC=Q, 0

DY530.0

DVUX(KB)=), 0

DVUY(KB)=) .0

OMUX{KA)=D.J

DMUY(KB) =), 0

GO TOU(4519904080830986994065¢040994680472)01

XC=(,G0C.

GO TC 413

YC=5,00 .

GO TG 475

DXC=Q,00.

GU TC 473

DYC=224G. o

GO 1C 47:

IFIKC) 574465,y 42c

=215~

383
384
385
33e
387
388
389
390
391
39:
393
394
395
296
397
398

400
401
40«
403
404
405
405
407
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. 0T425107
Lass -~ ZF4  SOURCE STATENENT - [FN(S) -~ ‘

469 IF(RA)  453,46795¢7 #

467 DVUXIKE)s, .. g
G0 IC 47:

468 DMUX(KK)= ., . , - .
GO TU &i; : ) : L e

469 [F(KC) @7.447.¢-7.

475 IFIKA)  @7.,47.,47.

47. DVUY(Kd)=. ..
CU 10 47¢ :

472 DMUY(KB)S . . . :

4T5 U0 4485 J=_,NS$ - 421
C.30¥XA(J) 4ic
CoaFPQeSPORLLP(J) ' 423
GR(.'l'J’to(C .
CRUcoLyd)=YC
GE( woled)axs
Gelceloddays
IFUI-KB) 477,476,477 426

416 CMRL 41 )=XC 425
CM=( o1)=K5 426
CMRU,1)=YC : 427
CMil2,1)2YS 424
CMRU3,1)=DAC 429
CMZ( 3, [)mUAS &30
CMR{4, [)=0DYC 431 i
CMZU44 40 2DYS 43¢ |

477 A =B¥XC-C.eDXC~-C.*DYS-OMUX(J) 433 ]
AZ=BMXS-C.eDXS+C_*LYC 434 |
A3=BMYC-C . #DYCHC P CAS~CHUY L) 435 :
AG3EMYS-C,o07S=-C o LXC 436
AS2VXCHUVXA(S) e XCHOVXBLI) @XS~LYXC(J)@YC+OYXDIJ1eYS+DVUXRISD 437
AoaYXS-DVXB(J)eXCHUVXAlI) eXS5-UYXD{J)eYC-DVXCIJ)oYS 438
AT=VYC-OVYC(J)oXColivYU(SI eX34LVYA(IIeYCALVYE(JI)eYS+DYLY LS 439
ABEVYS—UVYL(J)eXC-UVYLIJI#Xu-UVYB(J)@YCADVYALJ)eYS 440
IFINS=J) 48uy948 470 44

478 Co=XC 442
Ce=xs$ 655 g
Cs=2YC LY 2 i
CeaYs 445
BMXC=C . oB9(J)¢DXCon, {II+A eB (JIeAZeB () 440
BMXSaC eBI(JI+UXSOL_ . ijltAcoB (J)+A00B 1Y) 47
BMYC=C3eB9{J)+DYCed_S{JI+AZeB_(JI+ATeR () Abd i
BMYS3CwaBI(J)4DYSeB. C(J)4A4e8 (J)4AceB3(I) 449
VEC=C, 086 J)4DXCos3(JI4A eBlJ)¢ASe8 () 450
YXSaCeRB{S)+DXSeBI(S)+AZ8B () +ACRR . (J) 45,
VYC2C3#B2(J)+DYCeBI( J)eA3en2(J)+ATOR () 45¢
VYS*Coaed8lJ) +DYSoLI(I)vALeE (S +ABsE _(J) 453
XC3C .88 (J)+OXCoRZ{IV+A 0RS(JI+A50BT(S) 454
XS=C208 (JI+UXSeBI(I)eaz0B+{I)+ACBT(J) 45:
YCECoR {JI+0YCOB2LIN+AZREalJI+ATRET(Y) 450
YSaCowt (JI+0YSeR3 () eaneta(JI+AseR(J) 457
DXCxC.oB5(J)+DXCeB_(I)+A B (U) ¢4 086(d) 458
DXS=C2eB3(J)1+0XSeB {JI+AZen: (J)+aceBald) 459
OYC=C3085{J)eDYCoB (J)+ATen (JieaT0 0l ]) 480
DYS3C4eB5(J)+LYSel (J)+haeB (J)+acensl ) s

48y CONTINUC ’ &8¢
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LASS - EFN 3NURCL STATEMENT = JIN(S) =

AMR{.p1)mA, )

AME(ipl)ma, : 404

AMRE2, 1) =A 2 ' S 465

AME(2,4)) oAy _ A6s
AMR(3,1)mA3 467 :
AME(3, 1) A0 408 1
AMR(4,1)=A7 469 ‘
‘HE("["‘# 470 - ;
485 CONTINUZ 47, p
RETURN E
END b
N
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L
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Livs o ihe 3ILNLE STATEMZUE  «  LFNS)

PATAIR TWv:ASENY il ACCOMPANYING SOLUTION OF LINTAR SOQUATICNS

NIVGPB R | 92 S 000 OAVID TAYLOR MQUSL oASIN
SUBRCUTINS YATIAVE AN o8B M, yDeTERM, 1D)
GENERAL FO«M OF DIMINSION STATCMENT

DIMERSINN Albhou)yBlbe )
DIMENSION INDEX(443)

EQUIVALENCE {IROWy JROWDe (ICULUMoJCOLUMYIy (iMAXy Te SwAP)

INITIALIZATLON

oM,

DO & I= N

Kls, :

K2=,

DO o J=_ 4N
IFLACToJd)) 304,3
Ka.sG

IFtALDel)) 54645
K2s§

CONTINUZ
IFIK . +K2) Be8y7
I1D=2

DETERM=),)

GO TC 740
CONTINUE
DETERM=, .0

DO 20 J=y1 N
INDEX{Jo3) = ©
DO 550 Im, 4N

SEARCH FOR PIVOT ELEMENT

AMAX=(,2

00 205 Jm N

IFCIKDEX(Jy3)~2) 5%y iG55y 60

00 100 K=, N

IF{INDEX{Ko3)=_) Bue 1LDs 7.5
IFLARAX-ABSLA(JIK))) 859.00,.00
IROW=Y

1COLUM=K

AMAX=ABS(A(J4K))

CONTINUC

CONTINUE

INOEX(ICOLUM,3) = INDEX{ICOLUMeI) ¢,
INDEX(I,.)=1ROW
INDEX(I,2)=1COLUM

INTERCHANGS ROWS TO PUT PIVUT ELEMENT ON O1AGONAL

IF (IROW=ICOLUM) ieue 317y 4y
DETERM=-DET-RM :

~218-

ittitle?

PALL

Kat,
rAT,

- MATL

PaT:
MAT,
mAT .

AT
nATQ
NATL
nAT]

. MAT}

MATL

NAT)
BAT1
RATL
MATL
MATL
BAT1
MATL
MATL
MATL
MATL
MATL
MAT1
MAT1
RAT
MATL
MAT)
RAT1
RATL
RATL
mATL
MATL
MATL
MATL
MATL
MATL

R RIS

- b
de
is
14
5
16




a128/6?

OAve « EFN SOURCE STATZIMENT « IFNIS) =
18) 00 230 Ls oM MATL 43
o0y SWAPSALIFON.L) . . ‘ RAT1 4
70 ALIROW.L)uA1]COLUM,L) PAT, &8
200 ALICOLUM,S VeSHAP RATL 40
' PR} 3.5, 3.0, 2., PATL A7
; 2.0 DO 250 Lo, B BATL &9
223 SWAPaB IRV, L “ NAT, 49
é30 BUIROW,LeBLICOLUM,L) natl 5o
25u BLICOLUM,L)aSWAP MATL 9,
c WATL 82
¢ OIVIDE PIVOT RON 8Y PIVOT SLEMENT MATL 83
¢ NATL %4
319 PIVOT  =ALICOLUM, LCOLUM) NATL 88
CETERM=OET RMePIVUT NATL 36 ;
33C ACLCOLUM, ICOLUMY= L, G MATL 57 . 3
340 00 350 L= N RATL S8 &
35, ALICOLUM,LI=A{ICOLUM,LI/PIVUT MATL 59 :
! 355 IF{M) 38J, 380, 3o. MATL &C 1
360 DO TG LmaoeM MATL o1l ;
37) BUICOLUM,L)=8(ICOLUM,L)/PIVOY MATL &6¢ 1
c RAT1 o3 ¥
c REDUCE NON-PIVDT ROWS PATY 44 ,
[ . MATL o9 2
383 U0 550 Li=. 4N , NAT1 b6 ii
~39) [F(L.~1COLUM) 40y 353¢ 400 MATY &7 4
403 Tsa{Li,ICOLUM) MATL o8 '
420 ALLLoJCOLUMI=S,S MATL 69 '
430 CO 450 La.oN MATL T0 L
, 450 AlLisb)=A(L. oL)=A({ICOLUMsL)oT MATY 72 ?
455 1FIM} 5509 530y 460 MATL 72
§ 462 D0 530 LaiyM ' MATL 73 i
| 500 BULisL)=B(L. L)-BLICOLUMsL) ST nATY 74 g
| 553 CONTINUZ MATL T5
i c PATL Te $
! c INTERCHANG - COLUMNS mATL 77
i 4 MATL1 78
3\ 605 DO 7.0 T=2_,nN mATL 79 ;
i 0. LEN$ =1 MATL 80 g
‘ : 625 IF (INDEX{Lyo)~INDzXULo2)) o3y 7.0, £30 MAT! 383
| ! 639 JRUN=IADEA{L,.) ' MATL b2
i ohs JCOLUM=INDEX(Lyl) MATYl 33
\ ‘ 652 DO 735 Ks. N ' MATL  ue
‘ : 630 SWAPZA(K,JHOW) - MATL 85
‘ i 57 AlKyJRCWI=A(K,JCULUM) MATL B6
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